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Abstract
Carboniferous organic-rich mudrocks are proven source rocks for conventional gas
systems in northwestern Europe and have sourced most of the gas found in the
Rotliegend sandstones (di Primio et al., 2008). They are therefore considered as
one of the stratigraphic horizons in the North German Basin that potentially could
host unconventional gas occurrences. Recent gas-in-place (GIP) estimates of the
German Federal Institute for Geosciences and Natural Resources (BGR) attribute
3.1–13.9Bcm of shale gas to ﬁne-grained sediments in depths between 1,000–5,000m
of which ∼ 40% are assigned to carbonaceous mudrocks of the Lower Carboniferous
(Ladage et al., 2016). The research and exploration activities on Carboniferous
sediments in Germany in the last decades led to an overall good understanding
of the formation and the collection of vast amount of data. However, despite the
numerous boreholes that have been drilled to explore for conventional hydrocarbons
in these successions, the potential for shale gas resources remains unassessed.
In this integrated study, the potential for shale gas occurrences in Lower and Early
Upper Carboniferous sediments is evaluated based on data compiled from diﬀerent
sources. The aim of this study is to elucidate the interrelationship of depositional
features, rock characteristics and diagenetic inﬂuences on the governing processes
for shale gas occurrences by incorporating:
• a comprehensive literature database that emerged from intense research on
various aspects of petroleum systems in general and unconventional shale gas
systems in particular,
• ﬁeld data, e.g., from well reports, and
• new laboratory measurements.
The results of the initial shale gas and reservoir quality assessment conducted
through comparison with successful U.S. shale gas system parameters and the
detailed geochemical, petrographic and petrophysical measurements reveal, that
heterogeneity in the investigated sample set is manifold. In general it seems,
that variations too small to be resolved by the methodology applied can make a
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diﬀerence in serving as important discriminators for separating lithologic variations
of signiﬁcance for understanding reservoir quality.
The Culm-sediments, especially the Lower and Upper Alum Shale (“Liegende”
and “Hangende Alaunschiefer”) encountered in Dutch and German boreholes as
well as the Rhenish Slate and Harz Mountains are characterized by favorable total
organic carbon (TOC) contents and kerogen Types. These baseline parameters in
combination with bulk mineralogical compositions make the sediments comparable
to the Barnett Shale of the Fort Worth Basin in Texas. Yet, the emplacement and
expulsion of Permian in- and extrusives accounts for high maturities that along
with deep burial and insuﬃcient thickness limit the overall economic shale gas
prospectivity of these sediments.
For the “Kohlenkalk” Formation (Carboniferous Limestone) in the Rügen island
and Aachen area, only parameters from shale gas systems that are currently under
exploration (i.e., the Conasauga Shale in the Appalachian Thrust belt and the
Pearsall Formation of the Maverick Basin in Texas) could be drawn on for comparison.
In both investigated areas, high TOC contents and favorable kerogen Types occur.
Yet strong overmaturity limits the presence of gaseous hydrocarbons along the
southwestern basin margin making a shale gas potential unlikely. The succession
in the Rügen area however, attained favorable thermal maturities with variable
porosity related to clay-mineral content and diagenetic overprint. The combination
of the observed parameters indicate a potential for shale oil occurrences in the upper
part of the succession and a shale gas potential in the deeper parts.
Sediments of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch For-
mation) have moderate TOC contents as well as sedimentary structures and gas
storage mechanisms that resemble the Lewis Total Petroleum System (TPS) of
the Washakie, Great Divide, and Sand Wash Basins in Wyoming and Colorado.
Along with favorable thermal maturities this could indicate a possible hybrid gas
accumulation. However, a strong diagenetic overprint has mostly destroyed the
primary porosity and pore sizes are reduced to a degree such that pores are diﬃcult
to detect even with advanced imaging techniques. This substantially reduces the
reservoir quality especially in areas with high burial depths.
Keywords: Shale gas, Lower Carboniferous, Upper Carboniferous, Black shale,
Thermal maturity, Organic carbon
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Zusammenfassung
Die kohlenstoﬀreichen Sedimente des Karbon im Norddeutschen Becken sind seit lan-
gem bekannte Muttergesteine für konventionelle Gasvorkommen in Nordwesteuropa.
Aus diesem Grund werden sie auch als Zielhorizonte für mögliche Schiefergasvorkom-
men in Betracht gezogen. Neueste Gas-In-Place (GIP) Berechnungen der Bundesan-
stalt für Geowissenschaften und Rohstoﬀe (BGR) sprechen 3,1–13,9Bill.m3 an Schie-
fergasvorkommen den feinkörnigen Sedimenten in Teufen zwischen 1.000–5.000m
zu. Davon werden wiederum ∼ 40% den Tonsteinformationen des Unterkarbons
zugeordnet (Ladage et al., 2016). Die Untersuchungen und Explorationen der letzten
Jahrzehnten hat zu einem guten Kenntnisstand der deutschen Karbonvorkommen
sowie eine große Sammlung an Daten geführt. Und trotz der großen Anzahl an
Bohrungen bleibt eine Abschätzung möglicher Schiefergasvorkommen in diesen
Sedimenten unzureichend.
In den hier vorliegenden Untersuchungen soll das Schiefergaspotenzial des Unter-
und frühen Oberkarbon auf Grundlage von Daten aus unterschiedlichen Quellen
bewertet werden. Ziel ist es, die Wechselwirkungen zwischen Ablagerungsprozessen,
Gesteinseigenschaften und Diagenese sowie deren Einﬂuss auf mögliche Schiefergas-
vorkommen aufzuklären. Dies geschieht unter Einbeziehung:
• eines umfangreichen Literaturbestands, der durch ausgedehnte Untersuchungen
zu unterschiedlichen Aspekten konventioneller Kohlenwasserstoﬀsysteme sowie
unkonventioneller Schiefergasvorkommen vorhanden ist,
• Feldaten, z.B. aus Bohrberichten und
• neuen Labordaten.
Die Ergebnisse der initialen Abschätzung zum Schiefergasvorkommen und Reser-
voirqualität die durch Vergleiche mit produktiven Schiefergassystemen in den USA
aufgestellt und durch detaillierte geochemische, petrograﬁsche und petrophysische
Messungen ergänzt wurden, oﬀenbaren dass die Heterogenität der untersuchten
Proben sehr vielschichtig ist. Allgemein lässt sich festhalten, dass die Variationen, die
eine Unterscheidung lithologischer Faktoren, die Einﬂuss auf die Reservoirqualität
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haben, zu gering sind, um mit der hier angewendeten Methodologie diﬀerenziert zu
werden.
Die Kulmsedimente, besonders die Liegenden und Hangenden Alaunschiefer, die
in niederländischen und deutschen Bohrungen sowie in Aufschlüssen des Rheinischen
Schiefergebirges und des Harz angetroﬀen wurden, zeichnen sich durch erhöhte
Kohlenstoﬀgehalte und geeignete Kerogentypen aus. Diese grundlegenden Parameter
in Kombination mit der Gesteinszusammensetzung erlauben einen Vergleich mit dem
Barnett Shale des Fort Worth Basins in Texas. Jedoch führte die Platznahme permi-
scher In- und Extrusiva zu einer starken thermischen Überprägung der Sedimente,
die in Kombination mit großen Versenkungsteufen und geringen Mächtigkeiten zu
einer Herabsetzung des Schiefergaspotenzials führt.
Für einen Vergleich der Kohlenkalkfazies auf Rügen und im Rheinischen Schiefer-
gebirge mit Schiefergasvorkommen aus den USA konnten nur Systeme herangezogen
werden, die sich zur Zeit ausschließlich unter Exploration beﬁnden (der Conasauga
Shale in den Appalachen und die Pearsall Formation des Maverick Basins in Süd-
texas). Für beide untersuchten Gebiete wurden geeignete Kohlenstoﬀgehalte und
Kerogentypen ermittelt. Jedoch führt eine hohe thermische Reife am südwestlichen
Rand des Norddeutschen Beckens zu einer Herabsetzung des Schiefergaspotenzials.
Auf Rügen hingegen, wurden geeignete thermische Reifen erreicht. Die Porosität
variiert mit der Gesteinszusammensetzung und ist abhängig vom Tonmineralgehalt
und der diagenetischen Überprägung. Die Kombination der ermittelten Parame-
ter lässt ein Schieferölpotenzial in den oberen Abschnitten der Abfolge und ein
Schiefergaspotenzial in den unteren Teilen der Abfolge vermuten.
Die Gesteine des Altmark-Nordbrandenburg-Kulms zeichnen sich durch ähnliche
Kohlenstoﬀgehalte sowie einen vergleichbaren sedimentären Aufbau und Gasspei-
chermechanismus wie im Lewis Total Petroleum System (TPS) der Washakie, Great
Divide und Sand Wash Basins in Wyoming und Colorado aus. Dies deutet, zu-
sammen mit geeigneten thermischen Reifen, auf ein mögliches Tight-Gas-Potenzial.
Jedoch führt eine starke diagenetische Überprägung zu großen Porositätsverlusten
bei dem einzelne Poren selbst unter Zuhilfenahme modernster Bildgebungsverfahren
nicht mehr dargestellt werden können. Dieser Faktor führt zu einer drastischen
Herabsetzung der Reservoirqualität, besonders in Gebieten in denen die Gesteine
tief versenkt wurden.
Keywords: Schiefergas, Unterkarbon, Oberkarbon, Schwarzschiefer, Thermische
Reife, Kohlenstoﬀ
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1. Introduction
Since the industrial revolution, the access to and the use of fossil fuels has played a key
role in the economic and societal development of nations. With the ever increasing
consumption of energy in highly developed industrial nations and especially in
emerging economies (IEA, 2015) along with the desire of an ever more sophisticated
lifestyle, the perpetual demand for fossil fuels is immanent. The World Energy
Outlook 2015 projects that the world’s energy consumption will grow by one third
to 2040, with all growth occuring in non-OECD countries (especially India, China,
Africa, the Middle East and Southeast Asia; IEA, 2015). In this context, estimates of
the world‘s hydrocarbon reserves have been and remain a “moving target” (McCabe,
1998), but currently are projected to remain the world‘s dominating energy source
for some decades in the future. By 2040, fossil fuels will continue to supply almost
80% of the world’s energy use, with natural gas being the fastest growing fossil fuel
(EIA, 2014; IEA, 2015).
The expression “moving target” is particularly appropriate for hydrocarbons,
because what constitutes a resource of any kind depends both on its price and
on technology – and hence depends on the increasing ability to reach and extract
inaccessible and leaner deposits once found (Potter et al., 2005). Therefore, to
satisfy the growing demands of fossil fuels, the interests and eﬀorts in utilizing
undeveloped exploration targets, often located in challenging settings and under
more costly conditions (e.g., deep water, remote areas, under political instability,
or from unconventional systems; U.S. Congress, 1989; Stow and Mayall, 2000;
Gautier et al., 2009; Spencer et al., 2011; Lindøe et al., 2014) become increasingly
important. Especially with the advances in the application of horizontal drilling and
hydraulic fracturing technologies, a substantial increase of gas supplies in the United
States, Canada, and China is projected to come from unconventional resources,
such as shale gas, tight gas, and coalbed methane (EIA, 2014; Erbach, 2014).
The successful exploitation of gas shales in the U.S. has sparked an international
interest in these unconventional systems. However, the exploration of potential
25
1. Introduction
target horizons in Europe is still in its infancy. In principal, all known hydrocarbon
provinces in Europe have a shale gas or shale oil potential. Yet, the knowledge of
unconventional hydrocarbon systems remains less advanced when compared with
conventional systems and it therefore remains uncertain, whether economically
exploitable amounts of unconventional resources exist in Europe.
With the Energiewende, Germany has entered a clear path towards the transition
to a renewable energy-based system and more eﬀective climate protection. Yet, since
fossil fuels, especially oil and gas, still cover over 50% of Germany’s primary energy
consumption (Ladage et al., 2016), decades of future fossil fuel use are inevitable dur-
ing the transitional period. In this context natural gas is perceived as a transitional
fuel, being the fossil fuel with the lowest CO2 emission. However, with domestic
production from conventional reservoirs declining for years, Europe‘s dependance on
foreign gas (and oil) imports from the Commonwealth of Independent States (CIS),
Africa, and the Near East will remain to successively increase (Andruleit et al.,
2012; BNetzA/BKartA, 2015) thereby resulting in frequently recurring questions
regarding the secure and sustained supply with natural gas. Yet, the exploitation
of domestic unconventional shale gas resources could attenuate the dependance on
imports and the risks that accompany ﬂuctuating prices.
In this context, ﬁne-grained Carboniferous sediments along the southern and
northern margins of the North German Basin (NGB) are one of the potential
target horizons for an initial shale gas assessment. These sediments are proven
source rocks and have fueled the most important conventional gas reservoirs in
north-west Europe (e.g., Coevorden and Groningen gas ﬁelds in the Netherlands,
West Sole gas ﬁeld in the UK; Kombrink et al., 2010; Gast et al., 2010; Gautier,
2003; di Primio et al., 2008). These Carboniferous sediments also had been subject
to extensive oil and gas exploration but were neglected as conventional resources
due to insuﬃcient porosities and permeabilities (Schwahn, 1972). Yet, these vast
exploration eﬀorts, especially in the former German Democratic Republic (GDR),
provide large amounts of data. And even though the aspect of Carboniferous
sediments having an unconventional hydrocarbon potential is relatively new, this
previous knowledge can be combined with new and targeted laboratory analyses to
gain a more comprehensive understanding of the system and to identify which parts
of the sediments actually attained a potential to host shale gas occurrences. This
knowledge could eventually help with the assessment of the feasibility to promote
an initial exploration. Finally, if a shale gas potential for the Carboniferous can be
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delineated, the gained knowledge could contribute to the understanding of similar
settings in other European countries.
1.1. Background
1.1.1. Fossil Fuel and the Change of Society
Coal has been burned in China for over 4,000 years (Thomson, 2003) and also in
early medieval Europe, the existence of coal is no secret. But at that time coal
is regarded as an inferior fuel because it produces much soot and smoke. During
the Middle Ages in Britain however, wood shortages begin to appear and people
start burning coal. But they quickly use up the coal from shallow seams and start
digging mines. As mines sink deeper, water tends to accumulate at the bottom of
the shafts. So in 1712, Thomas Newcomen invents a coal burning steam engine
to pump out waters so miners can keep digging (Rolt and Allen, 1998). In 1765,
James Watt improves Newcomen‘s invention thus making it more eﬃcient and
practical for other uses (Sittauer, 2013). These inventions make the ingredients
for the onset the Industrial Revolution – fossil fuels and a way to put them to
work. In addition to water seepage, coal miners faced other problems, e.g., that of
transporting coal from the mines to rivers and ports. In 1767, Richard Reynolds
constructs a trail of cast-iron rails that later, in combination with the steam engine,
make the ﬁrst locomotive on rails invented by George Stephenson in 1814 (Thiel,
2006). In 1821, Michael Faraday designs the ﬁrst electric motor (Faraday, 1821).
Soon, utility companies start burning coal to generate electricity. Beginning in the
1840s, steam power is applied to shipping. In 1859, Edwin Drake (with the help
of the steam engine) drills the ﬁrst commercial rock oil well in Pennsylvania and
in 1883 Gottlieb Daimler and Wilhelm Maybach build an automobile running on
petroleum (Heinberg, 2005). Coal tar and oil are turned into industrial chemicals
and pharmaceuticals that prolong life. The Wright brothers start oil fueled aviation.
At the beginning of the 20th century, Fritz Haber and Carl Bosch make fertilizer
from fossil fuels (Smil, 2004). Fertilizers and the ﬁrst oil-powered tractors expand
food production and feed more people. World War I is the ﬁrst fossil-fueled conﬂict.
Then comes World War II and warfare becomes far more deadly, especially for
noncombatants. In between a great depression partly caused by overproduction.
From the 1950s, materialism and consumerism increase. With ever more discover-
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ies of oil in the Middle East and Libya and resulting excess of supply over demand
in the international market, producers ﬁnd it diﬃcult to keep prices from dropping.
The U.S. is now the largest consumer of oil. The Middle East, becomes the largest
producer of oil (Heinberg, 2005). In 1960, the international cartel known as the
Organization of Petroleum Exporting Countries (OPEC) is formed to restrain com-
petition and avoid excessive price drops (Organisation for Economic Co-operation
and Development, 1993). By the 1960s the U.S. is unable to produce as much oil as it
is consuming and starts importing large quantities from other nations. In the 1970s
U.S. oil production peaks and the long decline continues until today. In response
to the U.S. support of Israel during the Yom Kippur War, the Arab members of
OPEC (esp. Saudi Arabia) declare an oil embargo against the U.S. causing the
1973 oil crisis driving the international economy into a period of inﬂation until 1982
(Heinberg, 2005). With the energy crisis, the environmental movement is born. But
oil prices fall again and during the Bush-Reagan administration everyone forgets
energy shortages.
The Soviet Union collapses, shortly after its oil-producing peak in 1987 (Heinberg,
2005). To consolidate its control in the Middle East, the U.S. enters into the
Gulf War (Pelletière, 2004). In the meantime, globalization takes over when the
market realizes that labor is cheaper in China. China is now burning half of the
world‘s coal to make export products. Environmental problems get more severe.
Rising CO2 levels lead to record heat waves, ﬂoods, droughts. Oceans acidify and
the sea level rises (IPCC, 2014). Topsoils erodes by 25 billion tons a year from
industrial agriculture (Food and Agriculture Organization of the United Nations,
1995; Horrigan, L. and Lawrence, R. S. and Walker, P., 2002). Ancient forests
disappear. Freshwater is scarce or polluted. Manufacturing further moves on to
polluting countries where labor is cheap. With increasing environmental concerns,
economy starts supporting policies to transition into alternative energies. Alternative
energy sources are important but none can fully replace fossil fuels in the time given.
Due to that and because of the long-term increase of oil prices, oil companies start
shifting to the discovery and assessment of additional untested resources to bridge
the time until alternative energy resources are available to satisfy the demanded
base load. With the success of unconventional hydrocarbon production in the U.S.
interest spreads globally. The Carboniferous ﬁne-grained sediments of the North
German Basin that are subject to this thesis are considered to be one potential
target horizon of an unconventional resource system in Europe. The in-depth study
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of these sediments will provide a better understanding whether this potential shale
gas system can contribute to providing further energy reserves for modern society.
1.1.2. Fine-grained Sediments and Hydrocarbon Occurrences
Mud and mudstones, i.e., detrital ﬁne-grained rocks with a composition of > 50%
of particles smaller than 63μm, are the most widespread and abundant deposits on
the Earth‘s surface, both today and in the past (e.g. Blatt et al., 1980; Schieber and
Zimmerle, 1998; Potter et al., 2005). Their economic and environmental aspects are
very diverse and they have great importance to modern society, e.g., hosting metals
such as lead, zinc, and copper, playing an essential role in the drilling of deep wells,
preventing ponds from leaking, and they are by far the chief source of the world‘s
petroleum (e.g., Gustafson and Williams, 1981; Lomenick and Kasprowicz, 1991;
Fetter, 1994; Potter et al., 2005). Despite their overt similarity, mudstones occur
under a wide range of depositional conditions with widely diﬀerent sedimentation
rates and diﬀerent colors, textures, structures, and faunal and ﬂoral associations
(Einsele, 2000; Potter et al., 2005). Constituents include terrigenous mud and
mudstone, carbonate mud (micrite) and micstone, silt and siltstone as well as deep
sea ooze and sapropel. All of these may locally grade into one another and into
carbonates and sandstones (Weaver, 1989; Potter et al., 2005). Important controls
on the deposition of mudstones include the supply, that is related to climate and
relief of the source region, the turbulence of the water column, and the rate of
sedimentation (i.e., how long the mud remains at the sediment-water interface).
The slow settling velocity of small-sized particles ensures far-ranging dispersion even
with weak currents and explains the wide extent of many mudstones. And because
both clay and organic matter need quite waters to accumulate at the sea bottom,
mudstones contain most of world‘s organic carbon (Stow et al., 1996; Einsele, 2000).
Fluctuations in relative sea-level are a major control on the deposition of marine
mudstones and depend on global eustatic sea-level changes, subsidence rates of
basins and inﬂux of mud (Potter et al., 2005). The oxygen level at the sediment-
water interface at the sea bottom controls the preservation of organic material, color,
pyrite abundance, and faunal activity (i.e, degree of bioturbation) that is the key
factor for the preservation of lamination (Stow et al., 1996). The content of organic
matter in mudstones can range from zero to more than 25% and is controlled by
the balance between organic production in the water column and destruction by
both bacteria and oxidation at the sediment-water interface. Organic productivity is
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highest where the water column is well oxygenated and rich in nutrients. Oxidation
in turn is largely controlled by mixing, either through turbulent and liberal exchange
of oxygen with the atmosphere or through stratiﬁcation by temperature, salinity
or basin geometry (Stow et al., 1996; Bohacs et al., 2000; Einsele, 2000). The ﬁnal
concentration of organic matter in the sediment then also depends on the dilution
by accompanying terrigenous and carbonate debris. In addition to the quantity,
the quality of preserved organic matter plays a key role for petroleum generation.
Anoxic basins tend to produce organic matter with higher hydrogen content, which
is more favorable for oil generation from and gas occurrences in mudstones (Peters
and Moldowan, 1993).
Organic-rich mudstones are the chief source of the world‘s petroleum. In addition,
some organic-rich mudstones are self-contained systems that are both the seal and
the reservoir. Klemme and Ulmishek (1991) identiﬁed seven key generalizations
about source beds:
1. The majority of hydrocarbon reserves are very young – about 60% have been
generated in the last 80 to 90Ma.
2. Organic-rich mudstone with more than 0.5% total organic carbon (TOC)
content are the principal source of most petroleum reserves.
3. Conditions for the formation of organic-rich mudstone include preservation of
organic matter on the sea ﬂoor, either through a stratiﬁed water column or over-
loading, warm climates, and tectonics as it creates deep basins with restricted
circulation followed by deep burial needed for organic matter maturation.
4. More than 90% of the world‘s petroleum reserves occur in six time intervals,
that occupy less than 30% of the Phanerozoic and virtually all of these source
beds are marine, distantly followed by lacustrine:
• In the Silurian, Upper Devonian–Tournaisian, Upper Jurassic and Middle
Cretaceous deposition occur mainly as transgressive units,
• in the Pennsylvanian–Lower Permian and Oligocene–Miocene deposition
occur mainly as regressive units.
5. The sites and kinds of organic matter deposition have changed with time and
are largely, but not entirely controlled by the evolution of both plants and
animals and thus linked to changing abundance of atmospheric oxygen:
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• Open shelves, ﬁrst shallow then deep were sites of deposition for organic-
rich mudstones from the Upper Proterozoic through the Devonian,
• partially isolated deeps prevailed in the Mesozoic, and
• largely isolated deeps related to the Alpine and Andean orogenies occurred
in the Paleogene and Neogene.
• Type II kerogen is dominant, but Type III, typical of land plants, appears
in the Carboniferous as a result of their progressively wider invasion of
land.
• Kerogen types also seem to be related to latitude. In low latitudes, source
beds are likely to have kerogen Types I and II, whereas in high latitudes
Type III kerogen is more abundant (except in the Oligocene–Miocene).
6. Four great realms exist:
• The Tethyan with 68% of the world‘s reserves, but only 17% of it‘s area
• The Boreal with 23% of reserves and 28% of the area
• The Paciﬁc borderlands with 5% of the reserves and 17% of the area
• Southern Gondwana with 4% of the reserves but 38% of the area
7. Oil and gas shales, although being most signiﬁcant source rocks and present
from the Neoproterozoic through the Paleogene are only recently attributing to
the current world oil and gas production (mainly because of higher production
and environmental costs).
1.1.3. Unconventional Hydrocarbon Resources
There is no formal or generally accepted deﬁnition of the term ‘unconventional
resources’, despite the fact that unconventional resources include some of the most
active petroleum plays in North America (e.g., Cander, 2012; Chew, 2013). Several
approaches, always depending on the perspective of the entity involved, are in use:
• The distinction between conventional and unconventional resources can be
solely based on economic factors, and then unconventional resources are those
resources that cannot be proﬁtably produced with conventional development
and productions methods (Law and Curtis, 2002). Yet by this deﬁnition,
shale gas is no longer unconventional in Texas, USA and bitumen is no longer
unconventional in Alberta, Canada. Other resources, like methane clathrates
however, will remain unconventional for the foreseeable future.
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• Gautier et al. (1995) and Schmoker (1999) favor a distinct geological per-
spective to the deﬁnition. The U.S. Geological Survey calls these resources
‘continuous accumulations’ and excludes ephemeral criteria such as special
regulatory status or unusual engineering techniques, or arbitrary criteria such
as a particular (low) value of matrix porosity or API gravity from the deﬁni-
tion. This solely geologically grounded deﬁnition therefore focuses on common
geologic characteristics that include an occurrence downdip of water-saturated
rocks, a lack of obvious seal and trap, the crosscutting of lithologic boundaries,
a large areal extent, the relatively low matrix permeability, the abnormal
pressure (either high or low), and the close association with source rocks
(Gautier et al., 1995; Schmoker, 1999). Under this deﬁnition, unconventional
hydrocarbon resources can include diverse petroleum accumulations such as
(Fig. 1.1):
• tight gas
• coalbed methane
• oil and gas in shale
• oil and gas in chalk
• basin-center gas
• and shallow biogenic gas.
• Yet when play operational characteristics are included, unconventional reser-
voirs are those reservoirs, that cannot be produced with a vertical and/or an
unstimulated well, or those reservoirs that cannot be drained from a limited
number of locations. In other words, some sort of intervention to increase
hydrocarbon mobility is required. Therefore, the ratio of permeability and
viscosity deﬁnes unconventional reservoirs (Cander, 2012; Williams, 2012). By
this deﬁnition, shale gas and bitumen will always be unconventional.
1.1.4. Shale Resource Systems
Shale resource systems, including hybrid systems, have had a dramatic impact on
the supply of oil and natural gas in North America. According to Jarvie (2012a) a
“shale resource system can be described as an continuous organic-rich
source rock that may be both a source and reservoir rock for the pro-
duction of petroleum (oil and gas) or may charge and seal petroleum in
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Figure 1.1.: Overview illustration on the currently explored hydrocarbon settings adapted from
the U.S. Geological Survey.
juxtaposed continuous organic-lean interval(s). As such, there may be
both primary migration processes that are limited to movement within
the source interval (Welte and Leythaeuser, 1983) and secondary migra-
tion processes into nonsource horizons juxtaposed to the source rock(s)
(Welte and Leythaeuser, 1983). Certainly additional migration away
from the resource system into nonjuxtaposed, noncontinuous reservoirs
may also occur. In this scheme, fractured shale oil systems, that is,
shales with open fractures, are included as shale resource systems.“
Production from these kinds of reservoirs are not a new phenomena as usage in
the northeastern U.S. already began in the 1820s (Peebles, 1981) when gas from
black Devonian shale was used to light local streets and houses in Fredonia, New
York (Curtis, 2002). Neither is hydraulic fracturing a new process. Yet with new
high-energy stimulation techniques and in combination with horizontal well drilling,
they have become the enabling technologies to unlock the commercial viability of
these resources. Through the use of multistage hydraulic fractures along a lateral, a
conductive path contacting as much rock as possible can be achieved. This can be
optimized through the extent of the lateral length, the number of stages to be placed
in the lateral, the fracture placement technique and job size. Fracture conductivity
is determined by the proppant tape and size, fracturing ﬂuid system as well as the
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placement technique (Saldungaray et al., 2013). With these improvements, dry
natural gas production levels have increased rapidly in the U.S. in recent years (35%
from 2005–2013; EIA, 2015a). And despite the decreased or shut-in production
due to low gas prices in the U.S. in the last two years, shale gas production is
projected to increase by 73% until 2040, with more than half of the production
being derived from the shales of the Appalachian Basin (i.e., the Haynesville and
Marcellus Formations; EIA, 2015a). With that, the U.S. will become an overall net
exporter of natural gas in 2017 (EIA, 2015a).
Oil and gas shales are kerogen-rich, brown to black, well laminated mudstones that
yield appreciable oil and gas quantities. Most oil shales are lacustrine in origin and
rich in exotic carbonates and saline minerals. Some of them are also metal rich. The
world‘s largest oil shale deposit is the Green River Formation in Colorado, Wyoming,
and Utah hosting an estimated 4 trillion barrels of oil-in-place (Birdwell et al., 2013).
Lacustrine oil shales appear to have developed at low latitudes and elevations that
jointly favored high organic productivity (Katz, 1990). Shale gas systems on the
other hand, directly yield natural gas that is stored in pores and fractures as well
as adsorbed phases on organic matter and clay minerals. The gas shales of the
Appalachian basin as well as the Barnett Shale of the Fort Worth Basin in Texas
are some of the world‘s best known and productive systems (e.g., Montgomery
et al., 2005; Soeder and Kappel, 2009; Kargbo et al., 2010; EIA, 2015d). Methane
in these systems can be generated by bacterial (biogenic gas) and/or geochemical
(thermogenic gas) processes during burial, however mixing of both seldomly occurs
(Jarvie, 2014). Biogenic shale gas systems are usually shallow with dry gas stored in
open fractures that produce only low volumes of gas in terms of ﬂow rate or volume
recovery (e.g., Antrim Shale; Curtis, 2002; Jarvie, 2014). High thermal maturity
shale gas systems (> 1.0%VRr) on the other hand are characterized by higher ﬂow
rates and recovery volumes than biogeneic shale gas systems(Jarvie, 2014). The
elevated gas content is caused by cracking of residual kerogen and retained petroleum.
The cracking of petroleum also removes the heavier and more polar components
of petroleum that can restrict ﬂow. Decomposition of organic matter, especially
kerogen, bitumen, and pyrobitumen is also accompanied by the development of
organoporosity that enhance storage capacities in these rocks (Reed and Loucks,
2007; Loucks et al., 2009; Slatt and O’Brien, 2013; Jarvie, 2014). Although ﬂow
rates of gas shales are less than in conventional sandstone and carbonate reservoirs,
gas shale wells have long lives. And with the long-term increase of fossil fuel prices
34
Background 1. Introduction
and advances in technology, gas shales become ever more important contributors to
the overall fossil fuel supply (EIA, 2015b,d).
The production success from shale gas resource systems in the U.S. has led to an
international exploration eﬀort to identify such systems in other basins around the
globe. This type of resource potential is present wherever a source rock is present,
however their rock properties are unattractive in terms of reservoir potential as they
combine not only the source rock characteristics but also the seal and cap rock. And
although some commonalities are shared by the systems, many more diﬀerences
exist. According to Jarvie (2012a) typical commonalities among the best shale gas
resource system wells in core (best) producing areas in terms of initial production
(IP) and ongoing production include:
• are marine shales commonly described as type II organic matter (HIo: 250–
800mg/g),
• are organic-rich source rocks (> 1.00wt% present day TOC [TOCpd]),
• are in the gas window (> 1.4% VRr),
• have low oil saturations (< 0.5 So),
• have signiﬁcant silica content (> 30%) with some carbonate,
• have non-swelling clay,
• have less than 1000 nD permeability,
• have less than 15% porosity, more typically about 4 to 7%,
• have GIP values more than 100 bcf/section,
• have 45+m of organic-rich mudstone,
• are slightly overpressured,
• have very high ﬁrst-year decline rates (> 60%),
• have consistent or known principal stress ﬁelds,
• are drilled away from structures and faulting,
• are continuous mappable systems.
One clear advantage of shale-gas resource systems is the fact that they are the
cleanest form of combustible carbon-based energy. Not only are particulate and
smog inducing components minimal, but also carbon dioxide emissions are the lowest
for any carbon-based fuel.
35
1. Introduction Carboniferous Sediments of the North German Basin
1.2. Carboniferous Sediments of the North
German Basin
1.2.1. Study Area
The NGB is one of the main structures of the Central European Basin System
(CEBS) that extends in a west–east direction across the Paleozoic platform of
western Europe. It is bounded by the Sorgenfrei-Teisseyre-Tornquist Zone (STTZ)
and the Precambian East European Craton (EEC) towards the north, north-east,
and east and by the Rhenish and Bohemian massifs, that are part of the Variscan
fold-and-thrust belt, to the south (Ziegler, 1990; Zielhuis and Nolet, 1994; Pharaoh,
1999; Artemieva et al., 2006; Pharaoh et al., 2006; Narkiewicz, 2007; Guterch et al.,
2010). The ﬁnal collision of Gondwana and the northern continent of Laurussia
(i.e., Laurentia, Baltica, and Avalonia; Fig. 1.2) was the onset of the Variscan
orogenic cycle that resulted in the Late Carboniferous consolidation of the European
branch of the Variscan fold-and-thrust belt and ultimately led to the formation
of the Late Paleozoic Pangean supercontinent (Ziegler, 1990). In this setting, the
NW–SE striking NGB developed as an intracontinental sub-basin initiated after the
Variscan orogeny and experienced several episodes of subsidence and inversion from
the Permian onwards (Maystrenko et al., 2010; McCann, 1999; Scheck-Wenderoth
and Lamarche, 2005). For much of its length, the NGB is ﬁlled with Late Paleozoic
and younger rocks of 10–12 km thickness (Scheck and Bayer, 1999).
Lower Devonian depositional sequences are dominated by terrestrial-ﬂuvial clastics
derived from Laurussia in the north and Euramerica in the south as well as marginal-
marine to shallow-marine sediments at the transition to the ocean (Bełka et al.,
2010; Oncken et al., 2000; Franke, 1995, 2000). Since the Middle Devonian, overall
transgressive conditions became successively dominant resulting in the deposition
of a wide spectrum of proximal nearshore-marine to distal deep-marine sediments
including carbonates, siliciclastics, and evaporites until the Upper Carboniferous
to Early Permian (Bełka et al., 2010; Kombrink et al., 2010). Initial rifting caused
by the breakup of Pangea in the Early Permian was associated with widespread
volcanic activity (Ziegler, 1990; Benek et al., 1996) and followed by postrift thermal
subsidence with deposition of Early Permian Rotliegend clastics and Zechstein salt
after recurring transgressive conditions in the Upper Permian (Scheck-Wenderoth
and Lamarche, 2005; Peryt et al., 2010; Ziegler, 1990; Taylor, 1998; Glennie et al.,
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2003; Kossow et al., 2000; van Wees et al., 2000). Since the Triassic the evolution
of the NGB was inﬂuenced by salt mobilisation (Scheck-Wenderoth and Lamarche,
2005). Recurring regressive-transgressive cycles led to the deposition of red-bed
clastics, ﬂuvial to lacustrine sediments, and playa-lake deposits (Buntsandstein),
carbonates (Muschelkalk), and limnic-ﬂuvial and playa-type (Keuper) sediments
during the Triassic that are overlain by Early Jurassic shallow-marine mud- and
sandstones (Scheck and Bayer, 1999; Hansen et al., 2005; Hübscher et al., 2010;
Underhill, 1998; Kossow et al., 2000). The early Alpine collision phase and the
opening of the northern Atlantic induced regional compression and led to a change
in the subsidence controlling factors during the Late Cretaceous–Early Cenozoic
(Ziegler, 1990). As a result, basin uplift and inversion as well as associated erosion
occurred along the southern and northeastern margins of the NGB. Overlying
Cenozoic strata is comprised of terrestrial and shallow marine clastic sediments
that rest unconformably on older Mesozoic strata (Scheck and Bayer, 1999; Scheck-
Wenderoth and Lamarche, 2005).
From a petroleum geological point of view, the Carboniferous and Permian
sedimentary sequences in the NGB are of primary importance. Tournaisian to
Namurian A basinal shale units and Pennsylvanian coal-bearing sequences are
known to have sourced conventional hydrocarbon reservoirs in under-, intra- and
overlying formations with the sandstones of the Rotliegend being the most important
gas reservoirs in north-west Europe (e.g., Coevorden and Groningen gas ﬁelds in
the Netherlands, West Sole gas ﬁeld in the UK; Klett et al., 1997; Kombrink et al.,
2010; Gast et al., 2010; Gautier, 2003; di Primio et al., 2008).
1.2.2. Carboniferous Stratigraphy
The Carboniferous succession in Central Europe is divided into two major series
(Fig. 1.3): the Lower Carboniferous (i.e., Tournaisian and Visean) and the Upper
Carboniferous (i.e., Namurian, Westphalian, and Stephanian) that only broadly
concur with the global subdivision of Mississippian (Tournaisian, Visean) and
Pennsylvanian (Bashkirian, Moscovian, Kasimovian, Gzhelian). The global series of
Mississippian and Pennsylvanian are separated by the Mid-Carboniferous Boundary
(MCB) that is deﬁned by the ﬁrst occurrence of the conodont Declinognathodus
noduliferus s.l. (Menning et al., 2006). However, recognition of the MCB in
Central Europe is often hindered or impossible due to the Variscan Unconformity
(Stoppel and Amler, 2006). The dichotomy of the western and central European
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Figure 1.3.: Generalized Carboniferous lithostratigraphic chart of the North German Basin (modiﬁed
after Menning and Hendrich, 2012).
Carboniferous is, on one hand, deﬁned as chronostratigraphic units that contain
biostratigraphic zones (Menning et al., 2006) and on the other hand, based on a
lithostratigraphic distinction into a marine basal part and a paralic to limnic upper
part (Stoppel and Amler, 2006).
Lithostratigraphically, the Lower Carboniferous successions can typically be
divided into two broad depositional areas. One comprises mainly carbonates and
the other mainly clastics (“Kohlenkalk” and Culm, respectively; McCann, 2008).
The extensive open-marine shelf carbonates of the “Kohlenkalk” developed along the
southern margin of Laurussia and stretched from the central parts of Ireland along
south and central England, the Netherlands, Belgium (Dinant and Namur basins,
Campine basin) attaining thicknesses of up to 700m. Similar platform carbonates of
up to 2,000m thickness were deposited along the northern margin of the basin, from
the North Sea region to northern Germany and Denmark (Falster Island) further
to the island of Rügen and into NW-Pomerania (Gerling et al., 1999a; Hoﬀmann
et al., 2006; McCann, 2008). Deposition consisted predominantly of algal reefs,
calcareous debris and dark bituminous limestones and mudtsones. Towards the
basin center the “Kohlenkalk” has an interdigitated contact (marked by reef debris
and calciturbidites) with the synorogenic clastic-dominated, shelf and deeper-marine
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to basinal Culm facies. Here, condensed sediments deposited under sediment-starved
conditions are characterized by organic matter-rich, black mudstones (e.g., Bowland
Shale in Britain, Lower Alum Shale in the Rhenish Massif and Harz Mountains of
Germany; McCann, 2008; Andrews, 2013; Kerschke and Schulz, 2013). The total
thickness of the Culm sediments can regionally exceed 1,000m, but generally the
succession is considerably less thick (Stoppel et al., 2006)
The Upper Carboniferous successions are relatively monotonous and only the
Namurian A shows the orogen-foreland diﬀerentiation established during the Lower
Carboniferous (McCann, 2008). Thick turbiditic sequences were deposited along the
southern basin margin and basinal, ﬁne-grained sediments with thicknesses between
50–200m were essentially deposited in the same basins as in the Lower Carboniferous
(e.g., Bowland Shale in Britain, Upper Alum Shale in Germany). During the
remainder of the Namurian the sedimentation was characterized by marine–deltaic,
upward-coarsening succession of shales, graywackes, and sandstones derived from
the approaching Variscan Mountains that attained thicknesses of > 2,250m. During
the Middle and Late Upper Carboniferous, sedimentation occurred predominantly
within a paralic environment and coalﬁelds extended across Laurussia from North
America through Britain, into the Rhenohercynian Zone of Germany and westwards
to Silesia (Poland) and the Ukrainian Donets region (McCann, 2008).
1.3. Rationale and Objectives
With the ever increasing success of shale gas production and its unprecedented eﬀect
on the U.S. energy market, governments around the world are already dreaming
of inexpensive energy sources and, just as importantly for some, energy security.
Therefore, one of the most important questions during the last ﬁve years was “can
the shale gas revolution in the U.S. really be replicated around the world?”. Un-
raveling this question is of academic and industrial interest alike, as a profound
understanding of shale resource systems enables a better identiﬁcation of promising
shale gas targets in Europe and thus a better assessment for a potential shale
gas exploration. Therefore, the aim of this study is to give a detailed description
of critical shale gas parameters along with the sedimentology and lithofacies as-
sociations as well as rock characteristics of ﬁne-grained Lower and Early Upper
Carboniferous sediments in Germany to elucidate the relationship of depositional
features and diagenetic inﬂuences on potential shale gas occurrences. Despite the
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known circumstance that due to the overall heterogeneity of productive shale gas
reservoirs, their derived relationships can only hardly be applied to other systems,
some commonalities are shared among the best systems. And with comparison of
baseline shale resource parameters of known U.S. shale gas plays that have been
deposited in similar depositional environments and under comparable conditions,
indications for a shale gas potential of Carboniferous rocks in Germany can be
drawn. Based on a comprehensive literature database that emerged from intense
research on various aspects of petroleum systems in general and unconventional shale
gas systems in particular, an integrated approach was developed to describe and
discuss the governing processes of potential shale gas occurrences in the ﬁne-grained
Carboniferous sediments in Germany.
This study contributes to these topics with three diﬀerent aspects:
• Summarize and contextualize known source rock characteristics and facies
distributions of ﬁne-grained Lower and Early Upper Carboniferous sediments in
the NGB to develop an overall understanding of potential shale gas occurrences.
• Analyze the sedimentary structures, lithofacies associations, depositional
environments, thermal maturity, and organic and inorganic mineralogy of
Lower and Early Upper Carboniferous sediments to identify conditions that
favor shale gas occurrences.
• Investigate the inﬂuence of the diagenetic overprint on critical characteristics
for shale gas storage capacities in the ﬁne-grained Lower and Early Upper
Carboniferous sediments.
The objectives of the individual studies in chapters 2, 3 and 4 are described as
follows:
I. Evaluation of shale gas baseline parameters: The comparison and contex-
tualization of known source rock characteristics from Lower and Early Upper
Carboniferous sediments in the NGB with baseline gas shale characteristics derived
from U.S. shale gas resource systems provides a ﬁrst insight to the overall potential
of these sediments to host a shale resource system. Although a classiﬁcation of
shale gas systems has proven to be an elusive task because of the high degree of
variability among the systems and the range of descriptions from very simple to
very detailed, the best shale gas resource systems in core producing areas typically
share a set of baseline parameters that include, among others, marine shales with
good to excellent TOC values, gas window thermal maturity, mixed organic rich
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and organic-lean lithofacies and brittle rock fabric (Jarvie, 2012a). These baseline
parameters can be used as reference values to delineate the likelihood of shale gas
occurrences.
The 2nd chapter “The shale gas potential of Tournaisian, Visean, and
Namurian black shales in North Germany: baseline parameters in a
geological context” focuses on three organic-rich Lower and Early Upper Car-
boniferous shale facies that have been deposited in diﬀerent environments and are
known to have sourced conventional hydrocarbon reservoirs in the NGB. In order to
establish a general understanding of potential shale gas occurrences in these rocks,
well and outcrop samples of organic-rich and organic-lean lithofacies were selected
and a maturity series for each facies was established. To allow for a conclusive
comparison with established shale gas baseline parameters, the TOC content, the
maturity, and the kerogen type were analyzed. At this point, overall sedimentological
characteristics were already taken into account to allow for a subsequent comparison
of the evolution of the systems. Critical baseline values and sedimentological features
known from productive U.S. shale gas systems were derived from the literature
and used to validate the results of the analyses. From these conclusions, an initial
shale gas potential could be delineated for two of the investigated facies, that were
selected for more detailed investigations in chapters 3 and 4.
II. Sedimentological and diagenetic controls of gas occurrences: Commonly,
dark-colored, organic-rich successions were considered to be composed of highly
continuous units (e.g., Bohacs, 1998a; MacQuaker et al., 1998; Brett et al., 2008;
Algeo et al., 2004). However, recent studies revealed that although these succes-
sions are spatially extensive, their sedimentological components (textures, fabrics,
compositions) are not widely correlative (e.g., Potter et al., 2005; Loucks et al.,
2009; Jarvie, 2012a). Apart from a very basic grouping scheme that is based on the
combination of gas types, organic richness, thermal maturity, and fracturing, the
high variability of organic-rich mudstone successions has not permitted a shale gas
resource systems classiﬁcation (Jarvie, 2012a). The detailed analysis of the internal
structure of mudstone deposits is therefore signiﬁcant in shale gas resource system
assessment to unravel the depositional mechanisms and to better understand the
controlling factors of potential gas occurrences.
The 3rd chapter “Sedimentological and Stratigraphic Controls of Gas in
Lower and Early Upper Carboniferous Sediments, NE Germany” elabo-
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rates on sedimentological structures as the controlling mechanisms for potential gas
occurrences in organic-rich Lower and Early Upper Carboniferous shale facies. It
describes lithofacies associations from eight exploration wells that penetrated the two
promising facies identiﬁed in chapter 2. Detailed sedimentological core descriptions
of the “Kohlenkalk” Formation (Carboniferous Limestone) in the Rügen Island area
and the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) are
combined with laboratory measurements on geochemistry and mineralogy as well
as organic and inorganic petrology to reconstruct the evolution and distribution
of shale gas-relevant properties in dependance of the depositional environments in
the study area. By comparing the results of this investigation with distinguished
characteristics of the top 10 U.S. shale gas resource systems in core producing areas
it was attempted to further evaluate the shale gas potential.
III. Petrophysical factors inﬂuencing gas storage capacities: Lithological het-
erogeneity in gas shales and mudrocks, in general, is well documented and diagenesis
in organic-rich, ﬁne-grained rocks include mechanical and chemical modiﬁcations
that occur across a wide range of burial conditions (e.g., MacQuaker and Gawthorpe,
1993; Schieber and Zimmerle, 1998; MacQuaker and Howell, 1999; MacQuaker and
Taylor, 2007; Ross and Bustin, 2008; Breyer et al., 2012; Milliken et al., 2012a,b).
However, the relationship of lithologic variation, and the facies associations and
diagenetic overprinting this variation denotes to parameters that deﬁne reservoir
quality in ﬁne-grained rocks (e.g., TOC, porosity, mechanical properties governing
fracture behavior) is not yet described by a paradigm that can be readily applied
in the context of exploration. To elucidate these connections one must begin with
a clear understanding of the fundamental character of the rocks themselves, to
components from which they are built, and the ways in which variations in these
components aﬀect rock properties of importance to reservoir quality
The 4th chapter “Grain assemblages and diagenetic overprinting in Lower
and Early Upper Carboniferous sediments, NE Germany” describes the
relationship of lithologic variations, and the facies associations and diagenetic
overprinting to parameters that deﬁne reservoir quality. It focuses on the lithofacies
associations of the “Kohlenkalk” Formation (Carboniferous Limestone) in the Rügen
Island area and the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation) that were identiﬁed in chapter 3 and examines to which extent the
primary depositional controls on reservoir quality are discernible in the later stages
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of diagenesis. Analyses of porosity, permeability, TOC, thermal maturity, and bulk
mineralogical composition, together with petrographic assessment of rock texture
and pore-system characteristics are presented.
1.4. Data Source and Processing
1.4.1. Sample Suite
The 158 samples handled in this thesis were obtained from core material of thirteen
former oil and gas exploration wells hosted by the Federal Geological Surveys of Bran-
denburg (LBGR), Mecklenburg-Vorpommern (LUNG), Sachsen-Anhalt (LABG),
and Nordrhein-Westfalen (GD-NRW). Two wells are located in the Netherlands and
core material was kindly provided by the Netherlands Organization for Applied
Scientiﬁc Research (TNO). The core recovery represented varying portions of the
total formation thicknesses (Table 1.1). Additional samples were taken in outcrops
along the northern margin of the Rhenish Slate Mountains and in the western parts
of the Harz Mountains.
Detailed core and outcrop descriptions were undertaken to characterize sedimen-
tological features of four diﬀerent regional facies. Sampling was aimed to investigate
petrographic, petrophysical, as well as inorganic and organic-geochemical characteris-
tics within the diﬀerent facies. A maturity sequence, ranging between 0.7–4.0%VRr
within each facies was established. The set of samples can be considered represen-
tative of the various lithofacies encountered in the wells and outcrops. The main
lithofacies observed in the investigated cores are:
• 55 samples of centimeter to meter thick dark-gray to black mudstone
• 20 samples of alum shale
• 4 samples of Carboniferous Posidonia Shale
• 33 samples of millimeter to centimeter thick alternations of ﬁne-grained silt-
stone and black mudstone
• 9 samples of gray, ﬁne-grained sandstone
• 14 samples of light gray to brown micritic to oolitic, fossil-rich limestone
• 11 samples of dark brown to black, fossil-rich marlstone
• 8 samples of black cherty shale
• 3 samples of black cherty limestone
• 1 sample of adinole
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Table 1.1.: Well names, stratigraphic intervals, and number of samples investigated in this study.
All coordinates in WGS84 datum.
Well/Outcrop name Abbreviation Stratigraphy Latitude Longitude Number of
samples
Total core re-
covery (%)
Pröttlin 1/1h/81 Pröt
1/1h/81
Namurian A–B (?) N 52 ◦ 52.136 ′ E 011 ◦ 33.846 ′ 4 2.1
Eldena 1/74 Ela 1/79 Namurian B N 53 ◦ 11.557 ′ E 011 ◦ 33.744 ′ 4 80
Oranienburg 1/68 Or 1/68 Upper Visean N 52 ◦ 38.812 ′ E 013 ◦ 19.940 ′ 5 85.2
Angermünde 1/68 An 1/68 Lower Namurian (?) N 53 ◦ 01.840 ′ E 014 ◦ 03.202 ′ 3 29.1
Zehdenick 2/75 Zeh 2/75 not dated N 53 ◦ 01.194 ′ E 013 ◦ 16.214 ′ 4 16.3
Peckensen 7/70 Peck 7/70 Namurian B N 52 ◦ 49.324 ′ E 010 ◦ 57.963 ′ 11 24.9
Sagard 1/70 Sagd 1/70 Tournaisian–Middle
Visean
N 54 ◦ 30.720 ′ E 013 ◦ 33.134 ′ 15 8.8
Rügen 2/67 Rn 2/67 Tournaisian–Upper
Visean
N 54 ◦ 36.141 ′ E 013 ◦ 08.432 ′ 18 21.9
Pudagla 1/1h/86 Pud
1/1h/86
Visean–Westphalian
C
N 53 ◦ 36,112 ′ E 014 ◦ 07,486 ′ 14 6.1
Barth 1/63 Ba 1/63 Namurian–
Westphalian A
N 54 ◦ 17.445 ′ E 012 ◦ 34.312 ′ 10 92.4
Schwalmtal 1001 S1001 Visean–Westphalian
C
N 51 ◦ 13.929 ′ E 006 ◦ 18.948 ′ 14 74.3
Winterswijk 1 WSK-01 Tournaisian–Visean N 51 ◦ 55.548 ′ E 006 ◦ 41.554 ′ 7 7.4
Emmeloord 1 EMO-01 Namurian–
Westphalian A
N 52 ◦ 42.766 ′ E 005 ◦ 48.320 ′ 8 6.5
Sösetalsperre Söse Visean N 51 ◦ 44,214 ′ E 010 ◦ 18,088 ′ 1
Lerbacher Wald-
schwimmbad
LF Tournaisian N 51 ◦ 45,385 ′ E 010 ◦ 19,063 ′ 2
Eselsplatz Esel Visean and Upper
Alum Shale
N 51 ◦ 44,842 ′ E 010 ◦ 18,358 ′ 3
Grauwacken zwis-
chen Wildemann
und Clausthal
Grau Visean N 51 ◦ 44,891 ′ E 010 ◦ 16,971 ′ 2
Am Bielstein B1a Tournaisian N 51 ◦ 52,451 ′ E 010 ◦ 17,541 ′ 4
Tränkebachtal T Tournaisian N 51 ◦ 53,006 ′ E 010 ◦ 13,946 ′ 2
Kellwassertal KW Visean N 51 ◦ 52,757 ′ E 010 ◦ 26,965 ′ 2
Luxstein Lux Lower Alum Shale
and Visean
N 51 ◦ 52,820 ′ E 010 ◦ 15,495 ′ 2
Lerbach West LW Lower Alum Shale N 51 ◦ 45,143 ′ E 010 ◦ 17,159 ′ 3
Großer Trogtaler
Berg
GrTrB Visean and Upper
Alum Shale
N 51 ◦ 52,757 ′ E 010 ◦ 15,532 ′ 2
Provinzialsteinbruch
Drewer E
Drewer Devonian–
Tournaisian and
Lower Alum Shale
N 51 ◦ 29,640 ′ E 008 ◦ 21,422 ′ 6
In den Dieken IDD Tournaisian–Visean
and Upper Alum
Shale
N 51 ◦ 17,959 ′ E 007 ◦ 53,758 ′ 4
Steinbruch Kohle-
iche
Kohleiche Visean N 51 ◦ 16,487 ′ E 007 ◦ 05,053 ′ 3
Steinbruch Steinberg Steinberg Tournaisian–Visean N 51 ◦ 15,933 ′ E 007 ◦ 04,970 ′ 2
Tillmannsdorf Till Visean and Upper
Alum Shale
N 51 ◦ 15,494 ′ E 007 ◦ 03,373 ′ 3
1.4.2. Available Data
In addition to data published in journals, books, and reports that are cited in the
following chapters, supplemental data from other sources was available:
• Copies of formerly conﬁdential analogue well reports provided by the Federal
State Geological Surveys of Brandenburg (LBGR), Mecklenburg-Vorpommern
(LUNG), Sachsen-Anhalt (LABG), and Nordrhein-Westfalen (GD-NRW) in-
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cluding horizon maps, bore logs, geophysical logs, and geochemical data.
• Geophysical logs of wells in the Netherlands provided online by the Netherlands
Organization for Applied Scientiﬁc Research (TNO).
1.4.3. Acquisition, Evaluation, and Visualization Software
In addition to standard oﬃce, graphing, and illustration tools additional software
packages were used:
• Microscope camera acquisition software: AxioVision Version 3.1.1.1 – Carl
Zeiss AG, Oberkochen, Germany
• Vitrinite reﬂectance measurements: EasyPhot for Windows rel. 1.3 – OdiSys
GmbH, Darmstadt, Germany
• Mercury porosimetry acquisition and analysis: Pascal 140/240/440 Version
1.03B – CE Instruments ThermoQuest Italia S.p.A., Milan, Italy
• Gas chromatography acquisition and analysis: Agilent ChemStation Rev.
A.09.03[1417] – Agilent Technologies, Santa Ana, California, USA
• Qualitative X-ray powder diﬀraction pattern analysis: CrystalDiﬀract 5.2 –
CrystalMaker Ltd., Oxfordshire, UK
• Quantitative X-ray powder diﬀraction pattern analysis and Rietveld reﬁnement:
Maud Version 2.33 – University of Trento, Italy; University of California at
Berkeley, USA
• SEM, FE-SEM and FIB-SEM control and acquisition software: SmartSEM –
Carl Zeiss AG, Oberkochen, Germany
• Advanced plotting: gnuplot Version 4.6.5 – Thomas Williams, Colin Kelley,
and many others
• Illustrations: Adobe Illustrator and Photoshop CS 6 – Adobe Systems Inc,
San Jose, California, USA
1.4.4. Laboratory Methods
Most of the applied laboratory methods can be assigned to sedimentological, organic
geochemical, or geophysical based methods. A detailed description of the used
setups and applied methods can be found in chapters 2.4, 3.5, and 4.5.
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2. The Shale Gas Potential of
Tournaisian, Visean, and
Namurian Black Shales in
North Germany: Baseline
Parameters in a Geological
Context
2.1. Abstract
Marine Carboniferous black mudrocks with known petroleum potential occur
throughout Northern Germany. However, despite numerous boreholes exploring for
conventional hydrocarbons, the potential for shale gas resources remains uncertain.
Therefore, an integrated investigation was conducted to elucidate the shale gas
potential for three diﬀerent Carboniferous facies incorporating baseline parameters
from sedimentological and organic-geochemical analyses. Tournaisian–Namurian
ﬁne-grained rocks of the Culm-facies, with Type II+ III kerogen were deposited in
the basin center. TOC contents of up to 7% occur in the Lower Alum Shale (3.6%
VRr) and up to 6% in the Upper Alum Shale (4.4% VRr). Bands of organic-rich
black shales, reﬂecting sea-level variations controlled by global eustatic cycles, oc-
cur within the Tournaisian–Visean “Kohlenkalk”-facies north of the Rhenish Slate
Mountains and in the Rügen Island area. In both areas the organic matter is
This chapter has been published as: Kerschke, D.I., Schulz, H.-M., 2013. The shale gas potential
of Tournaisian, Visean, and Namurian black shales in North Germany: baseline parameters in
a geological context. Environmental Earth Sciences 70 (8), 3817–3837. The ﬁnal publication is
available at http://link.springer.com. DOI: http://link.springer.com/article/10.1007/
s12665-013-2745-9.
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characterized by a kerogen Type II+ III, with TOC contents of up to 7% and
maturities of up to 4.2 and 1.8% VRr, respectively. Black hemipelagites intercalated
with coarser-grained silt- and sandstones occur in the Synorogenic Flysch Formation
of the Namurian A along the southern basin margin. TOC contents vary from
0.5–2.0% with Type III kerogen dominated organic matter and maturities of up to
2.5% VRr. The baseline parameters presented in this paper indicate a shale gas
potential for the sediments of the Culm-facies on the southern basin margin and of
the “Kohlenkalk”-facies in the Rügen area.
2.2. Introduction
The increasing demand of secure and stable sources of natural gas has rooted a new
fundamental interest in unconventional gas such as coalbed methane (CBM) and
shale gas. With the advances in drilling and completion technology, speciﬁcally
horizontal drilling and hydraulic fracturing, the economically successful production
of natural gas from so-called black “shale” or dark, organic-rich mudrock has led to
an annual growth of 48% between 2006 and 2010 in the U.S.. In 2009, shale gas
already made up 16% of the annual gas production in the U.S. and is considered to
be the largest contributor to the increase in future gas production, growing almost
fourfold from 2009 to 2035 in the AEO2011 reference case. Estimates attribute a
47% share of the total U.S. production of 2035 to shale gas (EIA, 2011). Despite
this success, signiﬁcant commercial gas extraction from unconventional shale gas
reservoirs is limited to the U.S. and Australia where ﬁrst commercial production
rates are produced in the Cooper Basin since October 2012.
Organic-rich sediments occur throughout extensive parts and multiple strati-
graphic horizons in the sedimentary ﬁll of the North German Basin (NGB). Here,
the Lower Carboniferous black shales, the Lower Jurassic Posidonia Shale, and the
Lower Cretaceous Wealden Shale are characterized by elevated Total Organic Carbon
(TOC) contents and therefore regarded as potential shale gas horizons. Especially
the Carboniferous succession within the NGB constitutes a promising shale gas
target. Preliminary gas-in-place (GIP) estimates of the German Federal Institute
for Geosciences and Natural Resources (BGR) attribute between 2.5–17.7Bcm of
natural gas to Carboniferous shale gas reservoirs (Andruleit et al., 2012) thereby
making it the most promising shale gas candidate when compared with the Posidonia
and Wealden Shale with estimated GIP of 0.9–3.8Bcm and 1.1–4.4Bcm, respec-
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tively. Favorable maturities for shale gas (< 1.3% VRr), geochemical compositions,
spatial extent, and average porosity further enhance the shale gas potential. When
compared with established U.S. shale gas systems (e.g., Barnett and Lewis Shales),
Carboniferous sediments bear strong similarities of shale gas relevant parameters
such as high TOC contents of kerogen Type II+ III in thick, ﬁne-grained sedimen-
tary packages (Jenkins and Boyer Jr., 2008; Curtis, 2002). However, despite the
data available, the shale gas potential for the Carboniferous in Germany remains
uncertain (Hartwig et al., 2010). Additionally, critical concerns from the public
and the German government fuel the debate about the environmental impact of
shale gas exploration and hydraulic fracturing in particular. Hydraulic fracturing is
attributed to be linked to induced seismicity and groundwater contamination trough
leakage from the wellbore and spillage of production water on the surface (Gordalla
et al., 2013; Riedl et al., 2013). Other major environmental concerns are the high
demand of freshwater, greenhouse gas emissions (mainly methane) during the ﬂow
back phase of a shale gas well, dense well spacing, and noise from operations and
truck traﬃc.
It is the aim of the shale gas branch in the GeoEn project, funded by the German
Ministry of Education and Research (BMBF), to elucidate the relationship of the
sedimentology and diagenesis of Carboniferous sediments in diﬀerent depositional
environments and their eﬀect on the shale gas potential for the German parts of
the Northwest European Carboniferous Basin (NWECB). Within this study, three
diﬀerent Carboniferous facies found in the NGB with attributed shale gas potential
were investigated on core and outcrop material from the Lower Rhine Graben, the
northern margin of the Rhenish Slate Mountains, the western parts of the Harz
Mountains, and the northern and southern margins of the northeastern part of the
German Basin. This paper strives to summarize the distribution and known source
rock characteristics of Carboniferous black shales in the NGB incorporating ﬁrst
results regarding their shale gas potential. However, additional and more detailed
investigations on the shale gas potential are needed.
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2.3. Geological Background
2.3.1. Paleogeography and Paleoclimate
Paleogeographic reconstructions place Central Europe along with the NWECB
in an equatorial position during the Carboniferous (Ziegler et al., 1979) and the
corresponding sedimentary succession marks the ﬁnal collision of Gondwana with
the northern continent of Laurussia (i.e., Laurentia, Baltica, and Avalonia). During
the late Early Devonian, extensional movements along the Rheic Suture line led
to formation of an east–west trending oceanic or back-arc basin. The resultant
Rhenohercynian Ocean (Oncken et al., 1999; Warr, 2000) constituted a basin, i.e.,
Rhenohercynian Basin, that extended from southern England to an area east of the
Harz Mountains (McCann, 2008). Closure of the Rhenohercynian Basin started with
SE-directed subduction during the late Devonian–Early Carboniferous (Tournaisian–
Visean) and transformed the formerly passive margin in the south into an active
margin. Associated loading of the subducting plate gave way to the formation of
a series of partly underﬁlled basins and the formation of the Variscan Mountains
(Ziegler, 1990; Burgess and Gayer, 2000; Ricken et al., 2000; Narkiewicz, 2007;
Kombrink et al., 2008).
These foreland basins are normally referred to as Culm basins and are associated
with a typical facies (Culm-facies, Fig. 2.1) that comprises condensed sediments
deposited under sediment-starved conditions with shales and mudstones enriched in
organic matter, alum shales (i.e., the Lower Alum Shale – “Liegende Alaunschiefer”),
intercalated chert and limestone-rich interbeds, phosphorites, siltstones as well as
terrigenous and calciturbidites. Clastic inﬂux into the basins was derived from
the Variscan Mountains to the south (Amler and Herbig, 2006, Fig. 2.1) and
corresponding slope deposits were encountered in the Rhenish Slate Mountains
(Stoppel et al., 2006). The asymmetry of the foreland basin is reﬂected in the
decreasing sediment thickness towards the north (Ricken et al., 2000) as seen, e.g.,
in the well Münsterland-01 where the Tournaisian and Visean succession is very
thin (Wolburg, 1963). Sediment-starved conditions must have prevailed in large
parts of the central basin areas during the Tournaisian and Visean because clastic
inﬂux from the south was trapped in the foredeep and northerly-derived sediments
only reached the northern parts of the NWECB. The succession that developed in
the Culm basin comprises largely equivalent units that can be traced over a broad
spatial extent, e.g., sediments deposited in these ﬂexural basins can be found in the
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Rhenish Slate Mountains and locally in the Harz Mountains of Germany (Buchholz
et al., 2006).
In the shelf areas and on intrabasinal horsts from the Aachen area and Lower Rhine
Embayment along the southern margin of the London Brabant Massif an aggrading
carbonate facies (“Kohlenkalk”-facies, Fig. 2.1) developed. This “Kohlenkalk”-facies
comprises predominantly shallow-marine limestones with intercalated black shales
that were deposited in the mid to late Visean and leveled the submarine topography
of Waulsortian buildups from the Tournaisian A. Proximal calciturbidites derived
from the shallow intrabasinal platforms were deposited on steep ramps and deep
interjacent basins (Gursky, 2006). Seismic interpretations by Kombrink et al. (2008)
have proposed similar carbonate platforms in the central part of the NWECB
(southern North Sea, the Netherlands, NW Germany, Fig. 2.1).
Towards the east (Rügen Island area), the evolution of an extensive deep-water
carbonate ramp to a rimmed carbonate shelf already started in the Tournaisian
and lasted into the Visean (Hoﬀmann et al., 2006, Fig. 2.1). Here, sedimentary
sequences comprise predominantly algal reefs, calcareous debris, and dark bituminous
limestones and marlstones intercalated with black, organic-rich mudstones that
reﬂect variations of the sea level controlled by global eustatic cycles (Fig. 2.2). The
platform carbonates on the northern margin of the NWECB were like their southern
equivalents characterized by intra-shelf troughs. Here, a basinal facies including
allochthonous detritus and faunas from the photic zone was deposited in the area
of Hiddensee (“Hiddensee”-facies; Hoﬀmann et al., 2006, Fig. 2.1). The transition
zone from the Culm basin towards the “Kohlenkalk”-shelf farther north however,
is poorly deﬁned and only inferred by magnetotelluric soundings (McCann, 2008;
Hoﬀmann et al., 2001, 2005).
Before the onset of the Permo-Carboniferous glaciation the average global tem-
peratures were hot, approximately 22 ◦ C and accompanied by a high atmospheric
concentration of CO2 of about 1,500 ppm (McCann, 2008). Consequently, tempera-
tures and salinities of the ocean waters were high, causing warm, saline, and heavy
surface waters to sink and form a stagnant situation on the ocean ﬂoor. In combi-
nation with sea-level variations and accompanied transgressions on the low relief
shelf areas, the reworking of nutrient-rich soils led to an increase in organic matter
input. A further restriction of the already limited internal basin circulation and the
increased oxidation caused a rapid depletion of the dissolved oxygen in the sea water
and favored anoxic conditions (Gursky, 2006). Contrastingly, Siegmund et al. (2002)
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Figure 2.1.: (a) Tournaisian to Visean and (b) Namurian A paleogeography and facies distribution
in the North German Basin. Line A–B indicates the position of the cross-section shown in Fig.
2.5. Empty circles indicate wells that have not penetrated the respective succession. The striped
area on the island of Rügen indicates the distribution of the “Hiddensee”-facies. LBM – London
Brabant Massif (redrawn after Ziegler, 1990; Kombrink et al., 2010).
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suggest that anoxia was caused by eutrophication and high organic productivity due
to factors such as upwelling, a climate-related improvement of oceanic ventilation,
and volcanic nutrient input. Corresponding black shale horizons occur in multiple
stratigraphic horizons throughout the Lower Carboniferous (Gursky, 2006). After a
punctuated sea-level drop near the Devonian/Carboniferous boundary and a short
sea-level rise in the Tournaisian, long-term sea-level ﬂuctuations show a gradual
decline from the mid-Visean to the mid-Carboniferous Boundary culminating in a
mid-Carboniferous eustatic event with very large sea-level ﬂuctuations in excess of
100m and formation of local hiati across the NWECB (Rygel et al., 2008, Fig. 2.2).
At the Visean–Namurian boundary, the northern shelf of the Rhenohercynian
Basin was destabilized and subsided in response to thrust loading and the ongoing
formation of the Variscan Mountains (McCann, 1999; Burgess and Gayer, 2000;
Oncken et al., 2000; Drozdzewski, 2005; Kornpihl, 2005). The distribution of
Namurian sediments was thereby inﬂuenced by fault-bounded blocks and basins
from Visean times (Davies et al., 1999). Sedimentation rates remained low in the
basin center and resulted in the deposition of black shale under sediment-starved
and anoxic conditions (e.g., Upper Alum Shale – “Hangende Alaunschiefer”). The
onset of overall regressive conditions led to the termination of carbonate production
that caused a regional unconformity in northeast Germany and karstiﬁcation along
the London Brabant Massif (Dreesen et al., 1987; McCann, 2008). Successively,
siliciclastic sedimentation became dominant. This transition occurred diachronously
throughout the NWECB starting in northeast Germany during the mid to late
Visean (Kornpihl, 2005). Along the southern basin margin the sedimentation rate
of thick turbiditic successions (Synorogenic Flysch Formation of the Namurian
A, sec.; Franke et al., 1995) deposited by high-density suspension ﬂows started
accelerating during late Namurian A and Namurian B. Accumulation started ﬁrst
in the western parts of the basin where sediments have been deposited in the Ruhr
Basin (“Flözleeres” Series) and progressively shifted, following the foredeep axis,
towards the east (Ziegler, 1990; Wrede and Ribbert, 2005). With the acceleration
of the sedimentation rates deposition migrated northwards and by exceeding the
subsidence rates of the basin consequently gave way to paralic conditions throughout
large parts of the NWECB towards the end of the Namurian. In the area of the
Rügen Island and Mecklenburg-Vorpommern paralic depositional environments
already prevailed from the Visean–Namurian transition (McCann, 1999, Fig. 2.1).
The Altmark area experienced shallowing from deep marine environment to paralic
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conditions from the Namurian A to the Westphalian.
Large-scale folding and inversion of the NWECB took place by the end of the
Westphalian followed by the collapse of the Variscan Mountains in the Stephanian
that initiated widespread magmatism across the NWECB until the Early Permian
(Timmermann, 2004, Fig. 2.3). Most extensive magmatism occurred in the Oslo
Graben (approx. 120,000 km3; Neumann et al., 2004) and the northeastern parts
of the NGB (approx. 48,000 km3). In the northeastern part of the German Basin
the thickness of the lava sequences varies considerably across the area. Cumulative
thicknesses of sills and dykes decrease from > 2,500m on the island of Rügen to
200–500m (max. 1,000m) in east Brandenburg.
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Figure 2.2.: Generalized Carboniferous lithostratigraphic chart of the North German Basin with
sea-level changes and onlap curve as measure of relative landward or basinward movement of the
regional baseline. The positions of carbonaceous Lower and Upper Alum Shales are highlighted
(modiﬁed after Menning and Hendrich, 2002; Haq and Schutter, 2008).
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2.3.2. Burial History and Hydrocarbon Generation
The onset of post-Carboniferous subsidence in the NGB is only poorly constrained
(Scheck and Bayer, 1999). However, basin formation started with an initial rift phase
that was induced by thermal destabilization and transtension during Early Permian
times and was associated with intense magmatic activity that nearly covered the
entire Central European Basin system (CEBS) with volcanic products (Ziegler, 1990;
Benek et al., 1996). This initial episode was superseded by a phase of thermal
relaxation during which the initial sedimentary depocenters were connected to form
the large Southern Permian Basin (Bachmann and Hoﬀmann, 1997; Scheck and
Bayer, 1999). Regional subsidence induced by thermal subsidence including phases
of salt mobilization prevailed until the Early Triassic followed by a further basin
diﬀerentiation into individual blocks and smaller troughs (e.g., Central Graben,
Glückstadt Graben, and smaller troughs in the NGB, Fig. 2.3) due to extensional
stresses at the beginning break-up of Pangaea during the Late Triassic to Jurassic
(Scheck-Wenderoth and Lamarche, 2005). The early Alpine collision phase and
the opening of the northern Atlantic induced regional compression and led to a
change in the subsidence controlling factors during the Late Cretaceous–Early
Cenozoic (Ziegler, 1990). As a result, basin uplift and inversion occurred along the
southern and northeastern margins of the North German and Polish basins. Here,
Cenozoic strata unconformably rest on older Mesozoic strata (Scheck-Wenderoth
and Lamarche, 2005). Renewed thermal relaxation (Ziegler, 1990) or the ﬂexural
bending of the North Sea lithosphere in response to the build-up of the present-day
compressional stress ﬁeld (van Wees and Beekman, 2000; Hansen and Nielsen, 2003;
Scheck-Wenderoth and Lamarche, 2005) induced a change to sag-like subsidence
with only little faulting and ongoing halokinesis during the Cenozoic (Scheck et al.,
2003).
An early phase of methane generation of Lower Carboniferous and Lower Namurian
rocks occurred in the central basin areas and along the northern basin margin
(Pomerania) that underwent rapid subsidence in association with high sedimentation
rates and a high heat ﬂow at the end of the Carboniferous (Westphalian (B–D) to
Stephanian; Maynard et al., 1997; Gerling et al., 1999b). Local uplift at the southern
basin margin induced deep erosion of Upper Carboniferous rocks. Therefore, much of
the generated hydrocarbons must have migrated to the surface and been lost (Hoth,
1997; Gerling et al., 1999b). Yet, some gaseous hydrocarbons may have been retained
in the interparticle pores of the source rock horizons. The hydrocarbon generation
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Figure 2.3.: Structural elements and distribution of Permo-Carboniferous magmatism in the North
German Basin with cities for orientation. Areas with maximum cumulative thicknesses ((a)
island of Rügen and (b) east Brandenburg) are indicated by rectangles. CG – Central Graben,
HG – Horn Graben, GG – Glückstadt Graben, CDF – Cadomian Deformation Front, TTZ –
Teisseyre-Tornquist Zone, KA – Krefeld Anticline, A – Amsterdam, H – Hamburg, B – Berlin
(compiled after Neumann et al., 2004; Pharaoh et al., 2010).
already ceased early in areas with maximum emplacement and expulsion of Permian
in- and extrusives. Especially the granitic intrusions had important eﬀects on the
maturation of the surrounding and overlying strata (e.g., thermal aureols of the
Krefeld intrusion, the Brocken granitic intrusions, and the Rügen pluton; Hoth,
1997; Gerling et al., 1999b; Drozdzewski, 2005, Fig. 2.3). With ongoing subsidence
in other basin areas not aﬀected by magmatic activity, methane gas generation
continued until the Triassic–Middle Jurassic and most likely led to the exhaustion of
the gas generation potential of the Namurian source rock horizons (Schroeder et al.,
1991). The gas generation process terminated when the Late Cretaceous inversion
induced decreasing temperatures and hydrostatic pressures with an associated loss
of sorbed methane in the uplifted pre-Westphalian source rocks (Hoth, 1997; Friberg
et al., 2000). When the third phase of basin subsidence was established in the
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Cenozoic, mainly nitrogen with only minor amounts of methane was generated.
In the western parts of the basin (i.e., the Netherlands and NW Germany)
the generated gas contains more than 85% methane and only minor amounts of
nitrogen (locally up to 10%; Krooss et al., 1995; Gerling et al., 1999a). However,
in areas where the Carboniferous strata is buried at great depth (> 5,000m), the
gas generation potential of Namurian source rocks was already exhausted during
the Late Carboniferous–Early Permian. Here, only nitrogen with minor amount of
methane was generated in the Cenozoic (Krooss et al., 1995).
In the central and eastern parts of the basin, early diagenetic microbiological and
thermal breakdown of organic matter led to the decomposition of organically bound
nitrogen and subsequent release of inorganic nitrogen compounds in the Namurian
mudrocks. With ongoing diagenesis, these compounds were partially reincorporated
into organic matter, feldspars or clay minerals (esp. illite) as ammonium (NH+4 ;
Baxby et al., 1994). Thermal overprint and/or ﬂuid rock interactions during late
catagenesis and the early stages of metamorphism led to a release of NH3 and an
oxidation to NH2 during migration processes (Mingram et al., 2003, 2005).
Generated gas from Lower Carboniferous sediments in the northeastern parts of
the basin (Altmark and Brandenburg) varies highly in composition and is enriched
in nitrogen (17–84%). However it also contains 17–76% methane (e.g., well Oranien-
burg 1/68) with minor amounts of ethane, propane and helium (Striegler, 1970). The
nitrogen content slightly decreases to the west (55–57% in well Peckensen 7/70) and
methane concentrations are between 64–72% (Hartmann, 1974). High maturities
and the unfavorable timing of hydrocarbon generation indicate a restricted shale
gas potential in large parts of the basin. However, wide spatial extent of Lower
Carboniferous and Namurian sediments oﬀer the possibilities for discoveries in areas
with moderate burial depths, high TOC contents, and favorable maturities, e.g.,
Rügen area, the Altmark, north Brandenburg, as well as north of the Rhenish Slate
Mountains.
2.4. Methodology
A total of 158 rock samples were obtained from core material of thirteen former oil
and gas exploration wells (Fig. 2.1) by courtesy of the German Federal Geological
Surveys of Brandenburg (LBGR), Mecklenburg-Vorpommern (LUNG), Sachsen-
Anhalt (LAGB), and Nordrhein-Westfalen (GD-NRW). Two wells are located in the
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Netherlands and core material was kindly provided by the Netherlands Organization
for Applied Scientiﬁc Research (TNO). Additional samples were taken in outcrops
along the northern margin of the Rhenish Slate Mountains and in the western
parts of the Harz Mountains. The objective was to obtain samples with diﬀerent
thermal maturities and consequently establish a maturity series from immature to
overmature for each of the diﬀerent facies. Samples were crushed to cm-sized pieces
in a jaw crusher, powdered in a vibratory disk mill (agate vessel) to 20–30μm, and
homogenized.
Vitrinite reﬂectance measurements were performed on 91 bulk shale samples
prepared as polished mounts. The samples were cut and embedded perpendic-
ular to bedding in Araldit resin, ground ﬂat, and polished. Random vitrinite
reﬂectance measurements (i.e., no rotation of the microscope stage) were conducted
in non-polarized light on a Zeiss Axioplan microscope equipped with two Epiplan-
NEOFLUAR 50x/1.0 oil pol and 100x/1.30 oil pol oil immersion objectives. The
Epiplan-NEOFLUAR 50x/1.0 oil pol oil immersion objective was used following the
standard procedure published in Taylor et al. (1998). Calibration of light intensities
was carried out with an Yttrium-Aluminium-Garnet-standard at 0.901%VRr, a
Gadolinium-Galium-Garnet-standard at 1.669%VRr, and a Cubic-Zirkonia-standard
at 3.183%VRr. The total number of readings per sample accounted to 50–100
depending on maceral occurrence and particle size. Readings were taken on repre-
sentative particles by avoiding the edges of the sample mount, of individual grains,
and of maceral occurrences, as well as scratchy and dirty areas. Diﬀerent types of
vitrinite were not discriminated.
RockEval pyrolysis and TOC measurements were conducted by Applied Petroleum
Technology AS Norway. For Bulk-Flow pyrolysis a RockEval 6 instrument was used
following the procedure given in NIGOGA (2000). TOC was determined with a Leco
SC-632 instrument. Grounded samples were treated with 10% (v/v) hydrochloric
acid (HCl) heated to 60 ◦ C to remove carbonate minerals, rinsed with distilled
water, and introduced in the Leco combustion oven. The amount of carbon was
measured as carbon dioxide by an IR-detector. Open-system gas chromatography
measurements were conducted using a MSSV Pyrolysis Injector system interfaced
to an Agilent GC-6890A unit with a helium ﬁlled HP-Ultra 1 dimethylpolysiloxane
capillary column (50m length, 0.32mm inner diameter, 0.52μm ﬁlm thickness) and
connected to a ﬂame ionization detector (FID). Up to 0.4mg of grounded sample
material was heated to 600 ◦ C at 50 ◦ C/min. The thermal distillate and kerogen
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breakdown products were swept into a cryogenic trap (liquid nitrogen at -190 ◦ C,
glass beads substrate) for condensation. Accumulated organic compounds were
liberated from the trap for subsequent analysis by rapidly heating the trap to 320 ◦ C
and holding them at that temperature for 3 minutes.
2.5. Results
2.5.1. Tournaisian–Visean
Culm-facies
The Culm-facies in the Rhenish Slate Mountains and Harz Mountains comprises
condensed sediments deposited under sediment-starved conditions. At the base,
an intercalation of thinly-bedded, slightly calcareous, gray to dark-gray shales and
siltstones occurs, that regionally contains numerous limestone nodules. Upsection
these sediments are replaced by silt-bearing, organic matter-rich, thinly laminated,
black, monotonous alum shales (Lower Alum Shale). Intercalated phosphorite
nodules and thin bands of light-gray to yellow tuﬃtes highlight the lamination. The
Lower Alum Shale is, with a sharp contact and a signiﬁcant increase in the carbonate
and silica content, overlain by gray, fossil-rich, partly siliciﬁed limestone beds as
well as black and light-gray, rhythmic radiolarian chert beds. Yet, intercalations
of alum shale still occur at the base of these sediments. Upsection the individual
beds are separated by thin, gray, partly siliciﬁed mudstones and tuﬃtes. The chert-
bearing sediments successively grade into thin-bedded, gray, chert-rich shales that
in turn are overlain by gray, monotonous, thin-bedded, basinal mud- and siltstones
and graywackes. The total thickness of the Culm sediments can regionally exceed
1,000m, but generally the succession is considerably less thick (Stoppel et al., 2006).
Siliceous, calcareous, and turbidite inﬂuenced beds in the Rhenish Slate Mountains
and Harz Mountains are, with scarce exceptions, TOC lean (on average < 1%).
Therefore and due to the weathering of the sample material, RockEval pyrolysis
did not yield reliable S2 peaks and HI/OI values prohibit a determination of the
generation potential and a discrimination of the kerogen type (Fig. 2.1). Similar
assumptions are made for the results of the open pyrolysis gas chromatography, that
also yielded unreliable results. Measured vitrinite reﬂectances in the Rhenish Slate
Mountains show a general increase towards the east from 2.21–4.43%VRr. Lower
measured values are questionable due to weathering of the outcrop material. The
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Table 2.1.: Important RockEval, TOC, and vitrinite refelctance data for the outcrop samples from
the Harz Mountains (HM) and the Rhenish Slate Mountains (RSM). All coordinates in WGS84
datum.
Sample
Name
Stratigraphy Latitude Longitude TOC
(%)
HI
(mg HCg TOC )
OI
(mgCO2g TOC )
Vitrinite
reﬂectance
(%)
HM/1 Visean N 51 ◦ 44,214 ′ E 010 ◦ 18,088 ′ 1.22 21 43 1.58
HM/2 Tournaisian N 51 ◦ 45,385 ′ E 010 ◦ 19,063 ′ 0.74 22 58 2.03
HM/3 Tournaisian 0.16 216 99
HM/4 Visean N 51 ◦ 44,842 ′ E 010 ◦ 18,358 ′ 0.16 280 682
HM/5 Visean 0.26 121 385
HM/6 Upper Alum Shale 1.00 21 41 1.86
HM/7 Visean N 51 ◦ 44,891 ′ E 010 ◦ 16,971 ′ 0.38 109 221
HM/8 Visean 0.93 25 81 1.87
HM/9 Tournaisian N 51 ◦ 52,451 ′ E 010 ◦ 17,541 ′ 0.22 113 122
HM/10 Tournaisian 2.77 5 79 3.61
HM/11 Tournaisian 0.17 156 92
HM/12 Tournaisian 0.20 168 199
HM/13 Tournaisian N 51 ◦ 53,006 ′ E 010 ◦ 13,946 ′ 1.03 24 88 1.62
HM/14 Tournaisian 0.34 124 144
HM/15 Visean N 51 ◦ 52,757 ′ E 010 ◦ 26,965 ′ 0.39 54 77
HM/16 Visean 0.69 25 42 2.34
HM/17 Lower Alum Shale N 51 ◦ 52,820 ′ E 010 ◦ 15,495 ′ 0.48 29 71
HM/18 Visean 0.48 37 70
HM/19 Lower Alum Shale N 51 ◦ 45,143 ′ E 010 ◦ 17,159 ′ 7.34 10 41 1.68
HM/20 Lower Alum Shale 7.03 11 41
HM/21 Lower Alum Shale 3.62 6 82
HM/22 Visean N 51 ◦ 52,757 ′ E 010 ◦ 15,532 ′ 0.47 56 109
HM/23 Upper Alum Shale 0.53 36 78 2.58
RSM/1 Devonian/Tournaisian N 51 ◦ 29,640 ′ E 008 ◦ 21,422 ′ 0.20 139 59
RSM/2 Lower Alum Shale 5.10 7 14 4.43
RSM/3 Lower Alum Shale 0.40 45 57
RSM/4 Tournaisian 0.98 24 23
RSM/5 Tournaisian 1.02 23 43
RSM/6 Tournaisian 0.89 49 81
RSM/7 Tournaisian N 51 ◦ 17,959 ′ E 007 ◦ 53,758 ′ 0.19 116 95
RSM/8 Visean 1.93 10 44
RSM/9 Upper Alum Shale 3.39 6 29 2.55
RSM/10 Upper Alum Shale 1.47 15 69
RSM/11 Visean N 51 ◦ 16,487 ′ E 007 ◦ 05,053 ′ 0.15 179 199
RSM/12 Visean 1.07 19 86 1.2
RSM/13 Visean 0.63 40 131
RSM/14 Tournaisian N 51 ◦ 15,933 ′ E 007 ◦ 04,970 ′ 0.26 88 73 2.16
RSM/15 Visean 0.19 131 209
RSM/16 Visean N 51 ◦ 15,494 ′ E 007 ◦ 03,373 ′ 0.18 73 152
RSM/17 Visean 0.34 68 264
RSM/18 Upper Alum Shale 5.01 4 31 2.21
highest maturity levels in the east are attributed to an additional thermal overprint
by a magmatic intrusion (Clausen and Leuteritz, 1984). In the Harz Mountains, the
maturity gradient of the Lower Carboniferous succession displays an increase from
south to north with values ranging from 1.58–3.61%VRr, respectively. This increase
in maturity is assumed to be inﬂuenced from an outlying magmatic intrusion related
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to the Brocken granite complex (Jordan and Koch, 1975).
Within the condensed succession of the Culm facies, only the thinly laminated,
black, pyritiferous, and phosphoric Lower Alum Shale is characterized by elevated
organic carbon contents (Fig. 2.1). The Lower Alum Shale usually attains a
thickness of around 10m though it can locally increase to up to 50m. In the well
Münsterland-01 (Fig. 2.4) the Lower Alum Shale attains only 5m (Stoppel et al.,
2006). TOC contents vary between 0.40–5.10% in the Rhenish Slate Mountains
and 3.62–7.03% in the Harz Mountains (Fig. 2.1). However, due to high thermal
maturities of 1.68–3.61%VRr (Harz Mountains) and 4.43%VRr (Rhenish Slate
Mountains) in combination with a strong mineral matrix eﬀect caused by high clay
contents, RockEval and open pyrolysis gas chromatography yielded low, unreliable
results thereby prohibited the chemical discrimination of the kerogen type. Yet,
visual assessment revealed that the Lower Alum Shale is dominated by laminated
matrix bituminite, intertinites with sieve-like and “Bogen”-structures, and thick walls
as well as vitrinite and vitrinite-like macerals (Fig. 2.5). No ﬂuorescence of marine-
or plant-derived liptinites was observed though individual vitrinite-like macerals
appear to have been derived from alginites allowing the visual discrimination of a
mixed Type II+ III kerogen.
“Kohlenkalk”-facies
The “Kohlenkalk”-facies in the Aachen area and the Rhenish Slate Mountains attains
thicknesses of up to 700m. At the base of the succession, massive, gray, fossil-
rich, sparitic, and partly siliciﬁed limestones are separated by thin beds of gray
mud- and siltstones. Upsection, the inﬂuence of terrigeneous input successively
increases and argillaceous limestones intercalated with calcareous and carbonaceous
mud- and siltstones become dominant. The mud- and siltstones are laminated to
thinly-bedded. Locally, lenticular and ﬂaser-bedding was observed. Towards the
upper part of the succession organic matter-rich, monotonous, pyritiferous, and
partly siliciﬁed black mudstones predominate and are intercalated with thin, gray
limestone laminae that highlight lenticular and laminar bedding. The TOC content
is highly variable and ranges from 0.18% in the limestones to up to 6.58% in the
black shales in well Schwalmtal 1001 (Table 2.1, Figs. 2.4, 2.6). However, RockEval
pyrolysis did not yield distinct S2 peaks due to high maturation levels. S2 values
less than 0.2mgHC/g rock are unreliable (as are organic carbon contents < 0.5%),
hence measured Tmax values are erroneous (Peters, 1986). This also applies for
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the results of the open pyrolysis gas chromatography that only revealed minor and
questionable amounts of short-chained aliphates. In the Rhenish Slate Mountains
and the Aachen area, samples have mean vitrinite reﬂectances values between
2.2–4.2%VRr. The variations in maturities are strongly related to magmatic
overprint, with elevated values in areas aﬀected by volcanic activity. Despite the
high levels of thermal maturity, the TOC content of the black shales is high, thereby
indicating the good to excellent potential for natural gas in areas where magmatic
inﬂuences are less prominent. Overmaturity and related low hydrogen and oxygen
indices are limiting the discrimination of marine versus terrigenous organic matter.
Petrographically, matrix bituminite, plant-derived vitrinite, and intertinite, often
with “Bogen”-structures were observed (Fig. 2.5). Due to the high maturation
stages, the diﬀerences in reﬂectance values of vitrinite and intertinite are small. The
presence of marine organic matter is, due to the depositional environment, highly
likely though reﬂectances of liptinites and vitrinite have converged prohibiting a
further discrimination of the kerogen type.
In the Rügen and Usedom area, the sedimentary sequences of the “Kohlenkalk”-
facies comprise up to 2,000m of gray to dark-gray, micritic to oolitic, fossil-rich
limestones that are concentrated towards the base and the top of the succession. Mid-
section occur wavy-bedded dark bituminous marlstones and argillaceous limestones
with calcareous debris that are intercalated with thinly-bedded, black, organic-rich,
and pyritiferous mudstones (Fig. 2.4). Fossils contained within the succession
include bryozoans, corals, productids, goniatites, ostracods, and crinoids. Within
the Visean limestones, frequent trace fossils were observed. The TOC content varies
with lithology, being highest in clay-rich samples. Samples from the carbonate-rich
argillaceous limestones and marlstones average 0.52–4.46% and 0.51–2.67%TOC, re-
spectively, whereas black clay-rich mudstones show TOC values between 2.40–6.96%
(Fig. 2.4). Small-scale variations in the TOC content are attributed to sea-level
ﬂuctuations that caused episodes of oxygen depletion on the “Kohlenkalk”-shelf
similar to that ascribed for the formation of the Lower Alum Shale towards the
basin center.
The generation potential (S2 yield) varies between 0.12–10.69mgHC/g rock with
highest values encountered in samples of highest TOC contents. Yet increasing
maturities lead to an overall decrease in the S2 values. Respective HI and OI
values indicate a mixture of kerogen Type II+ III that was conﬁrmed by organic
petrography. Open pyrolysis results of the samples from the Rügen area corroborate
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the results of the RockEval pyrolysis and display aliphate doublets with chain
lengths of up to C27 (Fig. 2.7). With increasing depths the amount of long-chained
aliphatic compounds successively decreases. This systematic trend passes to a
predominance of short-chained aliphates between C1 −C5 with only minor amounts
of longer-chained constituents in the deepest parts of the succession. Throughout
the entire section, pyrolized low molecular aromatic hydrocarbons and phenols were
observed, indicating a terrestrial input of organic matter (van de Meent et al., 1980)
that could be petrographically conﬁrmed. The black mudstones of the “Kohlenkalk”-
facies are dominated by alginite (both telalginte and lamalginite) and cutinite
in addition to minor amounts of vitrinite and scarce inertinite. Fluorescence of
the alginites and cutinites was observed under blue-light excitation (Fig. 2.5).
Sporinites, prasinophyte alginites, and Tasmanites show orange ﬂuorescence colors.
Plant-derived cutinites are brown. Vitrinite occurs in two generations with diﬀering
reﬂectance values. On the Rügen Island, the maturity is strongly dependent on burial
depths and the frequency of volcanic intrusions. The maturity in areas unaﬀected
by volcanic activity ranges from 0.84–1.78%VRr increasing uninterruptedly with
increasing depths, thereby indicating a maturity series from immature to mature
rocks (Figs. 2.4, 2.6).
The platform carbonates on the northeastern margin of the NWECB are like their
southern equivalents, characterized by intra-shelf troughs. In the Hiddensee area,
an over 1,200m thick, basinal facies with monotonous dark-gray to black, wavy
to parallel bedded, and pyritiferous silt-rich claystones and marlstones including
allochthonous detritus and faunas from the photic zone (productids, ostracods,
trilobites, crinoids, goniatites, corals, scarce coaliﬁed plant remains) was deposited
(“Hiddensee”-facies, Fig. 2.1; well Rügen 2/67 in Fig. 2.4; Hoﬀmann et al., 2006).
With an increase in the carbonate content the marlstones are successively transition-
ing to argillaceous limestones and limestones in the lowermost part of the succession.
TOC contents range from 0.80–2.04%, yet no distinct global trend in correlation
with maturity or depth was observed (Fig. 2.4). Despite favorable maturities
of 1.10–1.70% VRr, the generation potential of the sediments remains low. S2
values of 0.32–2.38mgHC/g rock may be attributed to low TOC-values and a strong
mineral matrix eﬀect that retains generated compounds during pyrolysis, especially
in samples with high clay contents (Bordenave, 1993). The mineral matrix eﬀect is
also inﬂuencing the results of the open pyrolysis gas chromatography, yet a similar
systematic trend in the depths-dependent distribution of aliphatic constituents as
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Figure 2.5.: Photomicrographs of dispersed organic matter in sediments from the investigated
wells and outcrops. All photomicrographs in plane polarized light, except (d) that is under blue
light excitation. (a) Lower Alum Shale (Tournaisian), Drewer quarry, Rhenish Slate Mountains,
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(Lower Namurian), Großer Trogtaler Berg, Harz Mountains, outcrop; vitrinite-like macerals (Vl)
with matrix bituminite (B). intertinite (I), and isolated pyrite framboids (Py); (f) Namurian
Synorogenic Flysch Formation, Upper Visean(?)–Lower Namurian, well Oranienburg 1/68, 4,995m;
terrestrial derived vitrinite (V) with micrinite (Mi) inclusions, inertinite (I) with included pyrite
(Py) framboids.
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in the samples from the Rügen area could be observed. Here, the upper parts
of the succession display an aliphatic chain lengths up to C18, yet short-chained
constituents predominate. The pyrolysates of samples from the lowermost part of
the succession only contain short-chained aliphates. This trend can be correlated
with measured maturities, that generally increase with increasing depth but are
characterized by punctual elevated values in the vicinity of scarce intercalated
diabatic sills. Despite the low HI/OI values, a mixture of Type II+ III kerogen,
with a maceral composition similar to that observed on Rügen, was petrographically
conﬁrmed.
2.5.2. Namurian
Culm-facies
The Culm-facies of the Namurian is characterized by a marine–deltaic upward-
coarsening succession of shales, graywackes, and sandstones derived from the ap-
proaching Variscan Mountains. Under prevailing starved basin conditions, similar
to Tournaisian–Visean times, black bituminous, siliceous mudstones, and chert beds
intercalated with thin siltstone beds were deposited in northwest Germany during
the lowermost Namurian A. The black shales are overlain by dark-gray mudstones
with occasional sideritic nodules. Occasionally, thin limestone beds occur. Here,
especially the black, monotonous Upper Alum Shale (“Hangende Alaunschiefer”) is
sedimentologically comparable to the Lower Alum Shale and can be regarded as
the normal background sedimentation of the Culm Basin. The Upper Alum Shale
attains thicknesses between 50–200m, e.g., 60m in well Schwalmtal 1001 and 80m
in well Winterswijk 1 (Fig. 2.4). TOC contents are variable and range between
0.53–5.53% and 3.64–6.58%, respectively. Maturities range around 2.55%VRr
in the Rhenish Slate Mountains (Table 2.1) and are further increasing towards
the northwest until they are buried to great depths, e.g., 3.90–4.40%VRr in well
Winterswijk 1. Elevated maturities of 4.20%VRr in the well Schwalmtal 1001 are
attributed to an underlying intrusion in the Krefeld anticline. Hence, RockEval and
open pyrolysis gas chromatography measurements yielded unreliable results and
the kerogen type was discriminated by visual assessment. Samples are dominated
by abundant vitrinite-like macerals and matrix bituminite as well as intertinite
and subordinate vitrinite indicating an originally dominated marine Type II and
inﬂuenced by terrestrial Type III kerogen mixture (Fig. 2.5).
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2. Shale Gas Baseline Parameters Results
Synorogenic Flysch Formation of the Namurian A
Along the southern margin of the NWECB and north of the Variscan orogen,
the sedimentation of the Synorogenic Flysch Formation consists of thick turbiditic
successions deposited by high-concentration suspension ﬂows that is characterized by
the rhythmic intercalations of ﬁne-grained conglomerates, gray, normal-graded, ﬁne-
to medium-grained sandstones, feldspatic subgraywackes and dark-gray to black,
hemipelagic and pyritiferous mud- to siltstones often aﬀected by syndepositional
soft sediment deformation and growths faults. During the Namurian an increase in
grain-size can be seen through time. In the Altmark and Brandenburg area, this
successions attains thicknesses of > 2,250m. However, the sedimentary succession in
steeply inclined with dipping angles ranging between 55–90 ◦ and superimposed by
tectonic overthrusting (Fig. 2.4). Therefore the real thickness of this succession is
approximately only 800m (Namurian A to lowermost Namurian B). The sediments
of the Synorogenic Flysch Formation are characterized by TOC contents of 0.45–
1.98%. Yet, S2 yields are inﬂuenced by a strong mineral matrix eﬀect due to the
high clay contents and high maturation stages and are therefore unreliable. Open
pyrolysis gas chromatography results show, that the kerogen of the Synorogenic
Flysch Formation of the Namurian A produces only gaseous compounds, indicating
a dominance of short-chained substituents in the kerogen (Horsﬁeld, 1989). The
short-chained aliphates are almost completely composed of C1−C5 gas constituents
(Fig. 2.7). Aliphatic constituents higher than C6 do not occur. However, these
results are equally inﬂuenced by a strong mineral matrix eﬀect. Organic petrography
revealed well preserved vitrinite and intertinite, indicating an abundant supply of
terrestrial derived organic matter that was probably introduced to the sediments by
turbidity currents and the proximity to the emerging Variscan orogen and conﬁrming
a terrestrial Type III dominated kerogen (Fig. 2.5). Vitrinite and intertinite are
dominated by telinite, collinite, and subordinate amounts of vitrodetrinite as well
as semifusinite, fusinite, micrinite, and isolated sclerotinite, respectively. Measured
present-day maturities are depth depending and vary between 2.50–2.90%VRr.
Towards the basin, center the Carboniferous succession becomes successively
mudstone dominated and is composed of mostly structureless or indistinctly parallel
to ripple laminated, pyritiferous, silt-rich, black mudrocks interbedded with thin
dark-gray siltstone and scarce gray ﬁne-grained sandstones (the basal succession in
well Pröttlin 1/1h/81, Fig. 2.4). These mudstones represent the diluted pelagic rain
of the background sedimentation and are interpreted as hemipelagites to pelagites
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Figure 2.7.: Bulk petroleum composition for (a) samples from the Culm-facies, (b) samples from
the “Kohlenkalk”-facies, and (c) samples from the Synorogenic Flysch Formation as inferred from
aliphatic chain lengths distribution (after Horsﬁeld, 1989).
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and indicate a low-energy, dysoxic to anoxic, deep marine, distal depositional envi-
ronment. These rocks are transitioning, or may be correlating, to the Upper Alum
Shale encountered in the well Münsterland 1 (Hoth et al., 2005). The Carboniferous
succession encountered in these wells reveal elevated TOC contents between 1.04–
3.12% with depth-depending maturities ranging between 2.40–3.50%VRr (Figs.
2.4, 2.6). Due to unreliable RockEval results the kerogen type was petrographically
discriminated and revealed the occurrence of well preserved vitrinite and inertinite
indicating an abundant supply of terrestrial derived organic matter and a Type
III dominated kerogen. Vitrinite is dominated by telinite, collinite, and subordi-
nate amounts of angular vitrodetrinite. Inertinite is dominated by fusinite with
characteristic “Bogen”-structures, semifusinite, micrinite a subordinate amounts of
intertodetrinite.
2.6. Comparison with shale gas plays in the U.S.
Based on the reported parameters and when compared with published values from
American basins, the black shale horizons of the Culm-facies and the Synorogenic
Flysch Formation of the Namurian A bear strong geological and geochemical sim-
ilarities with productive unconventional gas plays in the U.S.. Except for the
Lower Alum Shale, these Carboniferous successions in Germany, attained suﬃcient
thicknesses that often exceed those of American unconventional gas plays.
The lithology and TOC content of the starved-basin sediments of the Culm-facies,
esp. the Lower and Upper Alum Shales, reveal strong resemblances with the known
and well explored Barnett Shale in the Fort Worth Basin, Texas. The Barnett Shale
is composed of a variety of laminated organic-rich siliceous mudstone, laminated
argillaceous lime mudstone (marl) and argillaceous lime packstones that were
deposited in a foreland basin that formed during the late Paleozoic Ouachita orogeny
(Pollastro et al., 2007). This foreland basin had generally restricted circulation
with the open ocean that may have accounted for anoxic conditions (Loucks and
Ruppel, 2007) indicated by black petroliferous mudstone and the local presence of
glauconite and phosphatic material (Mapel et al., 1979). Singh et al. (2008, 2009)
documented variations in environments and processes from quite-water deposition
of muddy, organic-rich, and clay-rich lithofacies to high-energy shallower water
and more carbonate-rich lithofacies. Hence, the primary producing facies of the
Barnett shale comprises clay-rich intervals with TOC contents varying between
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3–13%. Also silica enriched layers with TOC contents between 3.3–4.5% contribute
to the productive intervals (Montgomery et al., 2005). The thickness of the Barnett
Shale in the Fort Worth Basin decreases from 210–305m in the northeast, where
also the maximum present-day burial depth of 3,660m is attained, to less than 9m
in the southwest and west (Jarvie et al., 2007; Pollastro et al., 2007). Produced gas
is thermogenic in origin and derived from a marine dominated, oil-prone Type II
kerogen with inﬂuences of terrestrial Type III kerogen especially in areas with a
thermal maturity ranging between 1.0–1.7%VRr (Montgomery et al., 2005; Jarvie
et al., 2007). Terrigenous material was likely derived from areas to the north,
northeast, and east (Pollastro et al., 2007). When compared to the parameters of
the Barnett Shale, the German Lower and Upper Alum Shales are characterized
by a similar mixture of kerogen Types and TOC contents. Yet, these sediments
have been deeply buried and attained high maturation stages through large parts
of the North German Basin. Additionally, the thickness of the formations is often
insuﬃcient. Therefore, a possible shale gas potential for the Lower and Upper
Alum Shales could only be attributed to areas north of the study area, where more
moderate maturities and burial depths and greater formations thicknesses of more
than 40m (e.g., Upper Alum Shale equivalent Greverik Member in the Netherlands)
were attained.
No known commercially productive shale gas system in the U.S. can yet be com-
pared to the sediments of the Lower Carboniferous “Kohlenkalk”-facies encountered
in the Rügen and the Aachen area/Rhenish Slate Mountains. However, similar
sediments of the more than 3,230m thick Middle Cambrian Conasauga Shale are
currently explored in the Appalachian Thrust belt. The Conasauga Shale is buried
to more than 3,500m and composed of interbedded shale, limestone, and dolostone,
characterized as a shoaling upward succession in which the shale passes vertically
into a broad array of inner ramp carbonate facies, that were deposited in a spectrum
of platform, shoal, ramp, and intrashelf basin environments (Pashin, 2008). The
potentially productive shale facies is a thinly interbedded shale and micritic lime-
stone containing abundant nodules that was recognized as an outer ramp deposit
of an oxygen-deﬁcient intrashelf basin environment (Astini et al., 2000; Pashin
et al., 2012). TOC contents of the Conasauga Shale range from 0.4–1.7% with local
maxima of > 3% and depth-depending maturities varying between 1.1–1.9%VRr.
The identiﬁable organic matter includes kerogen Type II through IV (Pashin, 2008;
Pashin et al., 2012).
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In addition, sedimentological and lithological similarities to the Lower Cretaceous
Pearsall Formation in the Maverick Basin of south Texas can be observed. The
Pearsall Formation that is also under current exploration was deposited on a shallow
reef-rimmed carbonate platform that was ﬂooded by regional transgressions and
present day burial depths range from 2,134–3,658m. The greater proportion of
the rock record is comprised of terrestrial-sourced sediments that are under- and
overlain by carbonate-rich units (Hackley, 2012). The carbonate-dominated units
are composed of grainstones, packstones, and localized boundstones (Loucks, 1977,
2002). The terrigeneous, ﬁne-grained facies is described as siliceous mudstone and
faintly laminated and bioturbated gray to black argillaceous lime wackestone (Hull
and Loucks, 2010). TOC contents of the Pearsall Formation vary between 0.3–2.4%
and maturities range from 1.56–1.91%VRr. Yet, contrastingly to the sediments of
the “Kohlenkalk”-facies in Germany, the organic matter of the Pearsall Formation is
dominated by a Type III kerogen with only subordinate amounts of marine-derived
Type II kerogen (Hackley, 2012).
High TOC contents and favorable maturities of a mixed Type II+ III kerogen
encountered in the “Kohlenkalk”-facies in the Rügen area allow the attribution of a
shale gas potential to these sediments in areas unaﬀected by volcanic activity. This
assumption can be further corroborated by sedimentological similarities observed
in the Conasauga Shale and the Pearsall Formation. However, the sediments of
the “Kohlenkalk”-facies in the Rügen area have not yet been found to be gas ﬁlled,
although minor amounts of liquid and gaseous hydrocarbons were encountered
in boreholes (e.g., well Sagard 1/70; Schwahn, 1972). In the Aachen area and
the Rhenish Slate Mountains, these sediments attained overmaturity due to the
inﬂuence of underlying magmatic intrusions and the strong inﬂuence of the Variscan
orogeny. Albeit high TOC contents and a favorable kerogen type in the interbedded
mudstones the occurrence of gaseous hydrocarbons and hence a shale gas potential
is unlikely.
The sediments of the Synorogenic Flysch Formation encountered in the Altmark
and Brandenburg area can be compared to the Lewis Total Petroleum System (TPS)
of the Washakie, Great Divide, and Sand Wash basins in Wyoming and Colorado.
The Lewis TPS is interpreted to contain both continuous (i.e., a hydrocarbon
accumulation with diﬀuse boundaries, low matrix permeabilities, and no seals
or traps, or hydrocarbon-water contacts; Gautier et al., 1995) and conventional
hydrocarbon accumulations with the continuous accumulation being characterized
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by an overpressured, gas-saturated, basin-centered system (Hettinger and Roberts,
2005). Being deposited in a foreland basin of the Rocky Mountains, the continuous
hydrocarbon reservoirs of the Lewis TPS occur as turbidite-derived sandstone lobes,
basin-ﬂoor fans, and linear sandstone bodies (Cain, 1986; Van Horn and Shannon,
1989; Pyles and Slatt, 2000) encased and overlain by clay-rich mudrock. The
hydrocarbons are sourced from organic-rich mudrock in the lower part of the Lewis
TPS (Law, 2002; Hettinger and Roberts, 2005). The source rock is characterized
as containing Type II and predominantely Type III organic matter. With depths
between 2,600–3,600m, the Lewis TPS has not been buried as deep as the sediments
of the Synorogenic Flysch Formation, yet similar TOC contents of 0.5–3.15% and
maturities of up to 2.0%VRr in the basin center (Hettinger and Roberts, 2005)
allow the assumption that comparable sediments in the Altmark and Brandenburg
area may constitute a potential target for a direct basin-centered or hybrid gas
accumulation.
2.7. Conclusion
Marine Carboniferous black shales have been deposited in wide areas of the NGB.
Tournaisian–Namurian black shales of the Culm-facies have accumulated in the center
of the NWECB under sediment-starved conditions. Nevertheless, the total thickness
of the entire Culm succession can regionally exceed 1,000m, but the organic-rich
horizons are usually less thick (5–50m). In the study area, especially the Lower and
Upper Alum Shales are characterized by elevated TOC contents of > 7%, a Type
II+ III kerogen, and high maturities ranging from 1.36–4.43%VRr. The siliceous
and calcareous units may suitably respond to hydraulic stimulation. However, due
to rapid subsidence in the central parts of the basin these sediments experienced
an early phase of thermogenic methane generation at the end of the Carboniferous
that continued until the Triassic–Middle Jurassic. It was most likely terminated by
exhaustion of the hydrocarbon generation potential as retraced by the results from
RockEval and open pyrolysis gas chromatography. Contrastingly, Permian uplift
and erosion of Upper Carboniferous rocks along at the southern basin margin may
have attributed to an early loss of signiﬁcant amounts of hydrocarbons. Additionally,
the emplacement and expulsion of Permian in- and extrusives accounts for high
maturities and an early termination of the hydrocarbon generation potential. Despite
the similarity of the experimental results with parameters from the economically
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Figure 2.8.: Distribution of areas with potential shale gas occurrences (this study and Andruleit
et al., 2012) according to the investigated parameters (TOC, maturity, generation potential, depth,
cities for orientation). Inserts (a) and (b) show sample locations in the Rhenish Slate and Harz
Mountains (additional data in Table 2.1, cities for orientation: W – Wuppertal, D – Düsseldorf,
Ab – Arnsberg, O – Osterode, CZ – Clausthal-Zellerfeld, L – Lautenthal, G – Goslar). Shale gas
risk plots with thermal maturity and organic matter conversion parameters based on commercial
gas production from U.S. shale gas plays (according to Jarvie et al., 2007; Curtis et al., 2009). The
measured Lower Carboniferous vitrinite reﬂectance values from this study are in good correlation
with modeled isoreﬂectances from Littke et al. (2011). Map redrawn and modiﬁed after Kombrink
et al. (2010). The area north of Berlin (Synorogenic Flysch Formation) has a potential for a
direct basin-centered or hybrid gas accumulation but is, due to deep burial (< 5,000m), no likely
exploration target.
successful Barnett Shale in the U.S., the deep burial, very high present-day maturities,
and insuﬃcient thicknesses in large areas limit the economic prospectivity of the
Lower and Upper Alum Shale in the North German Basin (Fig. 2.8). Nevertheless,
in areas where the Lower and Upper Alum Shales have not been uplifted or buried to
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great depths, a shale gas potential may be possible. Uﬀmann et al. (2012), reported
additional favorable parameters, i.e., mineralogy, that displayed similarities to the
Barnett Shale, and assigned a shale gas potential for the Upper Alum Shale in the
Münsterland Basin. However, more detailed research on the petrophysical properties
of these formations is needed.
Tournaisian and Visean sediments of the “Kohlenkalk”-facies have been deposited
in the southwestern and northeastern shelf areas of the NWECB in the Aachen
area and the western Rhenish Slate Mountains as well as on the Rügen Island with
total thicknesses of up to 700m and up to 2,000m, respectively. Black mudstones
within this succession are however, considerably less thick. High TOC contents
(2.4–7.0%) and a kerogen Type II+ III at favorable maturities (0.8–1.8%VRr)
occur in the black mudstones in the Rügen area. Culm-like black mudstones of
the “Hiddensee”-facies were deposited in intra-shelf troughs and are clay-dominated,
with moderate TOC contents at gas window maturity (1.1–1.7%VRr). Methane
generation in this area also started during the Late Carboniferous and prevails
until present times in areas unaﬀected by Permian magmatic activity. Therefore,
these sediments are attributed a reasonable shale gas potential (Fig. 2.8). However,
the high clay contents on one hand and the intercalation of carbonate-rich marl-
and thick massive limestone beds on the other hand may complicate the eﬀorts of
hydraulic stimulation. The “Kohlenkalk”-succession in the Aachen and the Rhenish
Slate Mountains are also TOC-rich though deep burial, subsequent uplift, and the
inﬂuence of magmatic activity in the Permian led to early overmaturity, hydrocarbon
loss, and a rapid exhaustion of the hydrocarbon generation potential. Therefore
these sediments do not exhibit a shale gas potential in the studied area.
Namurian sediments of the Synorogenic Flysch Formation were deposited as
hemipelagites with intercalations of mass ﬂow and turbidity currents on the south-
ern margin of the NWECB. The over 2,250m thick succession is characterized
by moderate TOC contents of 0.5–2%. The late Carboniferous uplift may have
attributed to the partial loss of early generated methane, yet the hydrocarbon gener-
ation peaked not until the Early Triassic–Late Cretaceous when it was terminated by
the latest Cretaceous inversion. Some of the methane may have been retained in the
silt- and sandstones as indicated by methane-rich gas shows of up to 76Vol.%CH4
(well Oranienburg 1/68) from these intervals. With the sedimentological architecture
of the intercalated mud-, silt-, and sandstones resembling hybrid resource systems
from the U.S. and with known methane-rich gas shows, favorable present-day matu-
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rities, and a favorable geochemical and sedimentological composition for hydraulic
stimulation, the Synorogenic Flysch Formation may constitute a good potential for
a direct basin-centered or hybrid gas accumulation in areas where the succession
is buried < 5,000m (Fig. 2.8). However, lateral variations in the nitrogen content
may strongly inﬂuence this potential on a regional scale.
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3. Sedimentological and
Diagenetic Controls of Gas in
Lower and Early Upper
Carboniferous Sediments, NE
Germany
3.1. Abstract
Fine-grained, organic-rich Paleozoic sediments are proven source rocks for conven-
tional gas systems in NW Europe and large, unconventional gas reservoirs are
assumed in Lower to Early Upper Carboniferous black shales. However, despite
numerous boreholes exploring for hydrocarbons, the shale gas potential remains
uncertain. This paper comprises detailed information on the sedimentary struc-
ture and lithofacies associations along with spatial distribution, thickness, thermal
maturity, organic and inorganic petrology as well as geochemistry and mineralogy
of Lower to Early Upper Carboniferous black shales in NE Germany to unravel
the evolution of shale gas-relevant properties. Sediments of the “Kohlenkalk” For-
mation (Carboniferous Limestone) in the Rügen Island area were deposited on an
extensive deep-water carbonate shelf. Transgressive–regressive cycles led to the
formation of an up to 2,000m thick intercalation of mud- and limestones. High total
organic carbon contents (2.4–7.0wt.%) of a mainly Type II+kerogen have been
deposited under dysoxic to anoxic conditions and attained favorable present-day
This chapter has been published as: Kerschke, D.I., Schulz, H.-M., 2015. Sedimentological and
Diagenetic Controls of Gas in Lower and Early Upper Carboniferous Sediments, NE Germany.
Sedimantary Geology 325, 192–209. c©2015. This manuscript version is made available under
the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/. DOI:
http://dx.doi.org/10.1016/j.sedgeo.2015.06.006.
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thermal maturities (0.8–1.8%VRr) indicating a shale oil potential in the upper
part of the succession and a shale gas potential in the deeper parts. Sediments
of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) were
deposited as a turbidity current-derived intercalation of a sand/silt–mud interbedded
and black mudrock lithofacies in a deep marine siliciclastic slope to basinal setting.
The ∼ 1,900m thick succession has TOC contents of 0.5–2wt.% and present-day
thermal maturities of 2.3–3.2%VRr indicating a possible hybrid gas accumulation
in areas where the succession is buried < 5,000m.
3.2. Introduction
The success of unconventional natural gas sourced and reservoired in organic-rich
shales has sparked worldwide interest in such organic-rich units. In Western Europe,
Carboniferous sediments have sourced most of the gas found in the Rotliegend
sandstones (e.g., Groningen – largest conventional gas ﬁeld in Western Europe;
di Primio et al., 2008) and therefore are becoming, among others, interesting
stratigraphic horizons for shale gas exploration, e.g., in the UK (Bowland Shale
with a known shale gas potential in the Weald Basin; Andrews, 2013), Germany
(Schulz and Horsﬁeld, 2009; Horsﬁeld et al., 2010), and the Dnieper-Donets Basin in
the Ukraine (Schulz et al., 2010). Recent preliminary gas-in-place (GIP) estimates
of the German Federal Institute for Geosciences and Natural Resources (BGR)
attribute between 2.5–17.7Bcm of natural gas to Carboniferous shale gas reservoirs
(Andruleit et al., 2012) thereby making it the most promising shale gas candidate
when compared with the Posidonia and Wealden Shale with estimated GIP of 0.9–
3.8Bcm and 1.1–4.4Bcm, respectively. However, Carboniferous sediments in most
parts of the NE German sub-basin were not considered in this study. Carboniferous
organic-rich black shales in the NE German sub-basin have been subject to extensive
oil and gas exploration in the German Democratic Republic (GDR) from 1962 to 1989.
Though due to insuﬃcient porosity and permeability, these sediments were neglected
as conventional resources (Schwahn, 1972). Hartwig et al. (2010) published an initial
evaluation for the shale gas potential of Lower Carboniferous rocks on the island
of Rügen. In addition, Kerschke and Schulz (2013) evaluated facies distributions
and baseline parameters (TOC, %VRr, RockEval and open-system pyrolysis) to
derive an initial unconventional hydrocarbon potential of Lower and Early Upper
Carboniferous sediments in the North German Basin. Apart from that, little detail
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has been published on the sedimentology, lithofacies, or depositional setting of
Lower Carboniferous rocks, presumably, as a result of the political situation of the
German Democratic Republic. Hoﬀmann et al. (1975) and Schmidt and Franke
(1975, 1977) presented general reviews on the Lower Carboniferous geology and
structural framework in the NE German sub-basin. A ﬁrst detailed compilation of
the well inventory was provided by Hoth et al. (1993) after the German reuniﬁcation
that was partly utilized by Hoth (1997) to investigate the facies and diagenesis of a
transect from the Harz Mountains to the Rügen Island. Piske et al. (1994), McCann
(1996), Franke (2006), and Hoﬀmann et al. (2006) published lithostratigraphic and
biostratigraphic as well as general structural reviews. In addition, Gaitzsch et al.
(1998) analyzed the distribution of potential Carboniferous source rocks in the
Variscan foredeep with focus on facies distribution, environmental interpretation
and paleogeography along the southern margin of the foreland basin. Wolfgramm
(2002) performed the ﬁrst petrographic, microthermometric and stable isotope
investigations. Most of this information however, has only been provided in German
and the shale gas potential of the Lower Carboniferous in the NE German sub-basin
remains uncertain. It is therefore the aim of this investigation to characterize
the geologic properties of the more organic-rich facies in the Lower and Early
Upper Carboniferous. By tying the results of Kerschke and Schulz (2013) and by
presenting information on sedimentary structures, lithofacies associations, spatial
distribution, depositional environments, thickness, thermal maturity, organic and
inorganic petrology and mineralogy this study attempts to provide a ﬁrst overview
on potential shale gas occurrences in the NE German sub-basin.
3.3. Geological Background
3.3.1. Structural and Paleogeographic Setting
Deposition of Carboniferous sediments in Europe occurred in an open-marine basin
that was part of a marginal sea and connected to the Paleo-Tethys in the southwest
and the Paleo-Paciﬁc in the east (Gursky, 2006). The basin developed in the
Early Devonian through extensional movements along the Rheic Suture that led
to the formation of an east–west trending oceanic or backarc basin. The resultant
Rhenohercynian Ocean (Oncken et al., 1999; Warr, 2000) constituted a basin, i.e., the
Rhenohercynian Basin (Fig. 3.1), that extended from southern England to an area
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east of the Harz Mountains (McCann, 2008). Closure of the Rhenohercynian Basin
started with SE-directed subduction during the late Devonian–Early Carboniferous
(Tournaisian–Visean) that transformed the formerly passive margin in the south
into an active margin. Associated loading of the subducting plate gave way to the
formation of a series of partly underﬁlled basins that paralleled the trend of the
emerging Variscan Mountains (Ziegler, 1990; Burgess and Gayer, 2000; Ricken et al.,
2000; Narkiewicz, 2007; Kombrink et al., 2008). These foreland basins are referred to
as Culm basins and are associated with the Culm-facies (Fig. 3.1a) that comprises
condensed sediments deposited under sediment-starved conditions. Clastic inﬂux
into the basins was derived from the Variscan Mountains (Fig. 3.1) to the south and
was trapped in the foredeep. Northerly-derived sediments only reached the northern
parts of the basin (Amler and Herbig, 2006, Fig. 3.1a). In the shelf areas and on
intrabasinal horsts, open-marine shelf carbonates of the “Kohlenkalk” Formation
(Carboniferous Limestone) facies developed and stretched from the central parts of
Ireland along south and central England, The Netherlands, Belgium, the North Sea
to northern Germany and Denmark to the Rügen Island and into NW-Pomerania
(Gerling et al., 1999b; Hoﬀmann et al., 2006; McCann, 2008, Fig. 3.1).
In the Rügen Island area, the evolution of a deep-water carbonate shelf started
in the Tournaisian and lasted into the Visean (Hoﬀmann et al., 2006, Fig. 3.1).
Sea-level variations were characterized by a punctuated drop near the Devonian–
Carboniferous boundary and a short rise in the Tournaisian followed by long-
term gradual decline from the mid-Visean onwards (Rygel et al., 2008, Fig. 3.2).
Short-term eustatic induced transgressions and regressions were accompanied by
respective shallowing upward cycles (McCann, 2008, Fig. 3.2). Sediment deposition
predominantly consisted of algal reefs, calcareous debris, and dark bituminous
limestones and marlstones, intercalated with black, organic-rich mudstones. At
the Visean–Namurian boundary, the northern shelf of the Rhenohercynian Basin
destabilized and subsided in response to thrust loading and the ongoing formation
of the Variscan Mountains (McCann, 1999; Burgess and Gayer, 2000; Oncken et al.,
2000; Drozdzewski, 2005; Kornpihl, 2005). Sedimentation rates remained low in
the basin center and resulted in sediment deposition under starved conditions (Fig.
3.1b). The onset of overall regressive conditions, possibly related to a gradual
eustatic lowering of the sea-level in the course of the Gondwana glaciation (Ziegler,
1990, Fig. 3.2), led to the termination of carbonate production and subsequently
caused a regional unconformity in north-east Germany (Dreesen et al., 1987; McCann,
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2008). The transition to siliciclastic-dominated sedimentation occurred diachronously
throughout the basin, starting in northeast Germany during the mid to late Visean
(Kornpihl, 2005). Along the southern basin margin the sedimentation rate of thick
turbiditic successions (“Altmark–North-Brandenburg Culm” or Synorogenic Flysch
Formation sec. Franke et al., 1995, Fig. 3.1b) deposited by high-density suspension
ﬂows started accelerating during late Namurian A–B (Krull, 2005). With this,
deposition migrated northwards and by exceeding the basin’s subsidence rates
consequently gave way to paralic conditions towards the end of the Namurian
(Fig. 3.1b). In the area of the Rügen Island and Mecklenburg-Vorpommern paralic
depositional environments already prevailed from the Visean–Namurian transition
(McCann, 1999). The Altmark–Brandenburg area (Fig. 3.1) experienced shallowing
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from a deep marine environment to paralic conditions in the Namurian A to
the Westphalian. Large-scale folding and inversion took place by the end of the
Westphalian and were followed by the collapse of the Variscan Orogen in the
Stephanian that initiated widespread magmatism, which lasted until the Early
Permian (Timmermann, 2004).
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3.4. Sample Suite
A total of 64 samples were obtained from eight oil and gas exploration wells drilled in
the 1960s–1980s that targeted conventional reservoirs (Fig. 3.1, Table 3.1). The core
material was provided by the German Federal Geological Surveys of Brandenburg
(LBGR), Mecklenburg-Vorpommern (LUNG), and Sachsen-Anhalt (LAGB). On
Rügen Island, the total stratigraphic interval from the base of the Tournaisian to the
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top of the Visean is up to 1,215m thick, encompassing a substantial part of the total
thickness of the Carboniferous succession in the subsurface. In the Brandenburg
area the sampled stratigraphic interval includes ∼ 1,900m of Upper Visean and
Namurian A sediments from the top of the “Graue Folge” (“gray succession” –
unoxidized interval of the Namurian) to the ﬁnal depth of each well. The base of
the Lower Carboniferous was only penetrated in wells on Rügen Island.
Table 3.1.: Stratigraphy, depth, core recovery, maturity, porosity, and geochemical parameters of
the wells investigated in this study. Mineralogy data is normalized.
Well name Stratigraphy Depth
investi-
gated
(m)
Nb.
of
cores
Total
core
recovery
(%)
Nb.
of
sam-
ples
TOC
(wt.%)
Maturity
(%VRr)
Porosity
(%)
Quartz
(%)
Clay
(%)
Carb.
(%)
Pröttlin
1/1h/81
Namurian A–B
(?)
5,399.0–
7,008.0
17 2.1 4 1.04–
1.65
2.3–
3.4
0.3–
2.8
29.9–
41.0
58.6–
76.6
0.4–
2.3
Eldena 1/74 Namurian B 5,137.0–
5,206.0
5 80 4 1.39–
1.63
2.6–
3.2
0.2–
0.6
27.5–
40.6
53.3–
65.8
0.3–
6.9
Oranienburg
1/68
Upper Visean 4,892.4–
4,996.1
11 85.2 5 0.45–
1.39
2.4–
2.8
0.6–
2.9
26.4–
65.6
34.4–
71.0
Angermünde
1/68
Lower Na-
murian (?)
5,003.1–
5,100.0
7 29.1 3 1.05–
1.21
2.4–
2.5
0.7–
1.7
37.1–
56.8
43.2–
62.9
Zehdenick
2/75
not dated 4,911.5–
5,215.7
14 16.3 4 1.01–
1.98
2.7–
2.9
0.3–
1.0
33.2–
48.6
51.4–
65.8
2.4
Peckensen
7/70
Namurian B 4,458.8–
4,617.0
16 24.9 11 1.16–
3.12
1.5–
2.0
0.3–
1.6
22.2–
50.1
49.0–
77.7
0.1–
7.6
Sagard 1/70 Tournaisian–
Middle Visean
1,586.7–
2,631.0
14 8.8 15 0.51–
6.96
0.8–
1.8
1.6–
9.9
9.1–
31.3
12.3–
81.6
0–
72.9
Rügen 2/67 Tournaisian–
Upper Visean
1,897.7–
2,823.9
20 21.9 18 0.59–
2.04
1.1–
1.7
1.2–
12.0
11.0–
34.8
32.0–
81.4
0–
51.5
3.5. Methodologies
3.5.1. Core Description and Sampling
Detailed core descriptions were undertaken to characterize sedimentological features
of the “Kohlenkalk” Formation (Carboniferous Limestone) and “Altmark–North-
Brandenburg Culm” (Synorogenic Flysch Formation) down to hand-specimen scale.
It was attempted to select a representative set of samples. Parts of the sample
suite are high-graded by selecting organic-rich cores from individual intervals. The
presence of calcite and dolomite was checked by use of (∼ 1M) hydrochloric acid.
In the lab samples were crushed to cm-sized pieces in a jaw crusher, powdered in a
vibratory disk mill (agate vessel) to 20–30μm, and homogenized.
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3.5.2. Petrography
Petrographic investigations and vitrinite reﬂectance measurements were performed
on bulk shale samples prepared as polished standard and ultrathin (20μm) sections
as well as polished mounts. The samples were cut and embedded perpendicular to
bedding in colorless, blue, or UV-activated stained Araldit resin, ground ﬂat, and
polished. Samples were examined in both transmitted and reﬂected, non-polarized
and polarized light on a Zeiss Axioplan photomicroscope equipped with an Axio-
Cam digital camera and three Plan-NEOFLUAR objectives with magniﬁcations
of 2.5x/0.075, 10x/0.30, and 20x/0.50. Detailed investigations were carried out
with two Epiplan-NEOFLUAR 50x/1.0 oil pol and 100x/1.30 oil pol oil immersion
objectives. Random vitrinite reﬂectance measurements (i.e., no rotation of the micro-
scope stage) were conducted in non-polarized light following the standard procedure
published in Taylor et al. (1998). Calibration of light intensities was carried out
with an Yttrium-Aluminum-Garnet-standard at 0.901%VRr, a Gadolinium-Galium-
Garnet-standard at 1.669%VRr, and a Cubic-Zirkonia-standard at 3.183%VRr.
The total number of readings per sample accounted to 50–100 depending on maceral
occurrence and particle size. Edges of the sample mount, of individual grains and
of maceral occurrences, as well as scratchy and dirty areas were avoided. Diﬀerent
types of vitrinite were not discriminated.
3.5.3. Scanning Electron Microscopy (SEM)
Scanning electron microscope (SEM) investigations of selected rock chips and
polished thin sections were conducted on a ZEISS ULTRA 55 Plus Schottky-type
ﬁeld emission scanning electron microscope (FE-SEM) using both secondary electron
(SE) and backscattered electron (BSE) modes. Rock chips from hand specimens
were broken perpendicular and parallel to bedding, attached to a metal stub, and
along with the polished thin sections, coated with a gold-platinum alloy or carbon.
3.5.4. X-Ray Diﬀraction (XRD)
X-ray diﬀraction patterns of 1mg of grounded samples were measured in transmission
mode using a fully automated STOE STADI P diﬀractometer with focused Cu
Kα1 radiation equipped with a primary monochromator and a 7◦ position sensitive
detector (PSD). The instrument was set up in a Debye-Scherrer geometry, with
the sample contained in a transmission sample holder between zero scatter foils.
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The spectra was recorded in the range of 5–125◦ (2Θ) using a step interval of 0.1◦.
Peak positions were calibrated externally using the NSB SRM-640c silicon standard.
The quantitative analyses were performed with the open-source Rietveld-reﬁnement
package MAUD v2.33 (Lutterotti et al., 1999). Clay separate analyses results
presented by Hoth (1997) and Wolfgramm (2002) and have been used for validating
the results of this study.
3.5.5. RockEval and Total Organic Carbon (TOC)
RockEval pyrolysis and TOC measurements were conducted by Applied Petroleum
Technology AS Norway. For Bulk-Flow pyrolysis a RockEval 6 instrument was used
following the procedure given in NIGOGA (2000). TOC was determined with a Leco
SC-632 instrument. Grounded samples were treated with 10% (v/v) hydrochloric
acid (HCl) heated to 60◦C to remove carbonate minerals, rinsed with distilled water,
and introduced in the Leco combustion oven. The amount of carbon was measured
as carbon dioxide by an IR-detector.
3.5.6. Petrophysical Measurements
Porosity was calculated from pore size distributions obtained by mercury intrusion
porosimetry (MIP) measurements. MIP data were collected on Fision Instruments
Macropore and Mesopore units (Pascal 240). The pressure of Hg was increased
from 0 to 200MPa and pore size distributions were determined using the Washburn
equation.
D =
−4γ cosΘ
P
where D is the pore diameter, γ is the surface tension, Θ is the contact angle,
and P is the applied pressure. A contact angle of 140◦ (Gan et al., 1972) and a
surface tension of 480 dyn/cm (Gregg and Sing, 1982) were used. The minimum
measurable pore throat diameter by this technique is 3.7 nm.
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3.6. Results
3.6.1. Sedimentary Facies Association
Based on lithologic information derived from the exploration wells Sagard 1/70,
Rügen 2/67, Oranienburg 1/68, Zehdenick 2/75, Angermünde 1/68, Pröttlin 1/1h/81,
Eldena 1/74, and Peckensen 7/70 (Fig. 3.1) the facies evolution of the Lower
Carboniferous and Lower Namurian sediments in the northeastern parts of the
German Basin can be reconstructed.
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
In the Altmark and Brandenburg area, the Carboniferous succession attains a
thickness > 2250m. However, the succession is steeply inclined with dipping angles
ranging between 15–90◦ and superimposed by tectonic overthrusting. In well
Oranienburg 1/68 overturned strata were encountered. Therefore, the real thickness
of this succession is approximately only 800m (Hoth et al., 2005). Evidence of
schistosity was not observed.
Sand–mud interbedded lithofacies. The proximal part of the Carboniferous
succession was encountered in wells Zehdenick 2/75 and Angermünde 1/68 (Figs.
3.3a & b). These sediments consist of a siliciclastic, rhythmic intercalation of
gray, medium- and ﬁne-grained sandstones (graywackes; 90%) and dark-gray to
black, pyritiferous silt- and mudstones (10%) that can be described as a sand–mud
interbedded lithofacies (Figs. 3.3a & b, 3.4a). The sandstones are massive or
normally graded with a maximum thickness of 1.6m (average 0.2m). Usually
the basal part of the beds is structureless and the upper part displays parallel
and ripple lamination. The sandstones are frequently micaceous (muscovite) and
mineralogically graded with mica contents decreasing with a decreasing grain-size.
Basal contacts of the sandstones are sharp or erosive, undulated, with load casts and
water-escape structures, e.g., dish and ﬂame structures, and mudstone diapirs (Fig.
3.3a). Sandstone dykes and slump structures were rarely observed. Synsedimentary
deformation structures include small-scale faulting conﬁned to individual beds and
neither eﬀecting over- nor underlying beds. The upper parts of the sandstones
continuously give way to dark-gray and black, either structureless or indistinctly
laminated mudstones with bed thicknesses of up to 2m (average 0.3m). Within the
mudstones event-beds of silt-rich sandstones with thicknesses between 0.5–10 cm
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occur (Fig. 3.4a). Dispersed, framboidal, and concretionary pyrite was noted.
Some sandstone beds are neither graded nor transition into overlying mudstones,
yet have sharp and erosional basal and upper contacts. This erosional truncation
leads to ‘amalgamation’ of multiple beds that attain a combined thickness of up to
18m. Some sandstone beds have basal traction carpets comprised of thin micro-
conglomerates with quartz clasts (<4mm) and reworked mud-ﬂakes. Faults and
fractures are restricted to sand- and siltstones and sealed with dolomite, chlorite,
quartz, and pyrite. Fracture ﬁllings developed in lateral secretion and only scarcely
left vug-like voids (Fig. 3.3b).
Mud-silt interbedded lithofacies. In wells Oranienburg 1/68, Peckensen 7/70,
Eldena 1/74, and Pröttlin 1/1h/81 (Fig. 3.5) the Carboniferous succession transitions
into a rhythmical, partially cyclical mud-silt interbedded lithofacies composed of
gray, medium- and ﬁne-grained sandstones (10–30%) and dark gray–black silt- and
mudstones (60–90%). The overall mudstone content increases with depths (Fig.
3.5). The mudstones are structureless or indistinctly parallel to ripple laminated
and intercalated with siltstone laminae (Fig. 3.3d), lenses and thin beds of silty,
ﬁne-grained sandstones and sandy siltstones (Figs. 3.3e–h). The ﬁne-grained sand-
and siltstones attain thicknesses between < 1–15mm and are normal-graded, sharp-
to erosional-based (Fig. 3.3e), parallel to lenticular bedded, pyritiferous, and display
synsedimentary deformation (Fig. 3.4b) and water escape structures (e.g., load
casts and dish structures, Fig. 3.3e) as well as a poor ﬁssility. Cross and ﬂaser
bedding was observed (Fig. 3.3f). Some of the sand- and siltstones display thin
irregular, silty-muddy mottled layers (Fig. 3.3g) with either structureless or primary
horizontal lamination. These beds are normally or inversely graded, with sharp
basal and upper bed contacts and grain sizes from silt to ﬁne sand with moderate
sorting. A sequence observed in well Oranienburg 1/68 shows inverse grading after
a sharp basal contact from a ﬁne homogeneous mud, through silt to a ﬁne sand and
then normal grading back to a silt with a sharp upper contact to the overlying mud
(Fig. 3.3h).
Black mudrock lithofacies. The transition to the distal part of the Carboniferous
succession was encountered in well Pröttlin 1/1h/81 (Figs. 3.3i–j, 3.5). Here the
sediments are composed of a monotonous, mostly structureless or indistinctly parallel
to ﬂaser laminated (Fig. 3.4c), pyritiferous, silt-rich, black mudrock lithofacies that
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Figure 3.3.: Photographs of sedimentary textures in the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation). (a–b) Sand–mud interbedded lithofacies – mudstone diapir,
well Zehdenick 2/75, 4,932m and quartz and chlorite ﬁlled fracture with small vug-like void,
well Angermünde 1/68, 5,008m. (c–h) Mud–silt interbedded lithofacies. (c) Siltstone, well
Eldena 1/74, 5,148m. (d) Mud- and siltstone intercalation, well Pröttlin 1/1h/81, 5,148m. (e–f)
Synsedimentary deformation features in siltstones, well Pröttlin 1/1h/81, 5,405m and 5,546m.
(g–h) Possible reworking by contour currents, Pröttlin 1/1h/81, 5,837m and well Oranienburg
1/68, 4,949m. (i) Black mudrock lithofacies – intercalation of mudstone and laminated siltstone,
well Pröttlin 1/1h/81, 6,590m. (j) Indistinctly laminated mudstone, well Pröttlin 1/1h/81, 6,885m.
Scale bar is 1 cm, arrows indicates down-hole direction.
88
Results 3. Sedimentological and Diagenetic Controls of Gas
Figure 3.4: Photomicro-
graphs of sedimentary
textures in “Altmark–
North-Brandenburg Culm”
(Synorogenic Flysch For-
mation) samples. (a)
Sand–mud interbedded litho-
facies – well Angermünde
1/68, 5,016m. (b) Mud–silt
interbedded lithofacies
– well Pröttlin 1/1h/81,
5,545m. (c) Black mudrock
lithofacies – lenticular lami-
nation that possesses a ﬂaser
bedding appearance with
lenses arranged in layers;
lenses are composed of light
colored minerals (mainly
quartz) encased by a dark
matrix (clay, organics), well
Pröttlin 1/1h/81, 6,695m.
Scale bar is 1mm.
a b
c
1 – fine-grained sandstone
2 – siltstone
3 – silty mudstone
4 – fine-grained sandstone and silty mudstone with slump structure 
5 – laminated mudstone interbedded with lenticular siltstone
6 – laminated siltstone interbedded with mudtsone 
2
1
1
3
3 3
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5
5
5
6
6
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is rarely interbedded with thin, dark-gray siltstone and gray, ﬁne-grained sandstones
(Fig. 3.5). The most characteristic features of the intercalated siltstones are sharp
basal contacts to the underlying mudstone bed often associated with load casts
and water escape features such as small ﬂame structures. Internally, some of the
siltstone beds are indistinctly normal graded.
“Kohlenkalk” Formation (Carboniferous Limestone)
The carbonate-dominated sediments of the “Kohlenkalk” Formation (Carboniferous
Limestone) on the islands of Rügen and Hiddensee are characterized by a variety of
intergradational lithofacies (Fig. 3.6). Three major and two minor lithofacies were
identiﬁed that alternate on diﬀerent scales throughout the entire succession. X-ray
diﬀraction analyses show that mineralogical contents vary signiﬁcantly among the
lithofacies.
Skeletal wacke- to packstone. Skeletal wacke- to packstone is the predominant
lithofacies on Rügen Island and occurs in close intercalation with skeletal argillaceous
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Figure 3.5.: Combined stratigraphic column of well Eldena 1/74 and Pröttlin 1/1h/81. Squared
data points correspond to the overall proﬁle, circled data points correspond to detailed core barrels.
Letters correspond to photographs in Fig. 3.3. Geological symbolization after U.S. Geological
Survey (2006). Additional data (triangles) from Hoth (1997).
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lime mud- to wackestones (marl) and skeletal argillaceous mudstones throughout
the entire Lower Carboniferous succession (Fig. 3.6). Recorded bed thicknesses
in core barrels are highly variable and range from less than 1 cm to up to 2m. In
the lowest parts of the Carboniferous succession the gray–gray-brown–dark-gray
bituminous limestones are massive (Fig. 3.7a) or indistinctly wavy to ﬂaser bedded,
often micritic to sparitic and occasionally pseudo-oolithic (Fig. 3.7b). Large red-
brown–brown elongated micritic single oncoids with discontinuous growth layers
occur accumulated in layers. Basal contacts to underlying argillaceous mudstones
and ﬁne-grained sandstones include reworked material and mud or synaeresis cracks
ﬁlled with ﬁne-grained sand. Elevated dolomite contents are distinctive. In the
middle and upper parts of the succession the dolomite content is comparably lower.
Thicker beds of the gray-brown–dark-gray bituminous limestones are massive, often
micitric to microsparitic, highly biodetritic (Fig. 3.8a), and bioturbated. Thinner
limestone beds are closely intercalated with skeletal argillaceous lime mud- to
wackestones (marl) and skeletal argillaceous mudstones. Here, bedding features vary
from indistinctly narrow to wide parallel and wavy bedded. Flaser and lenticular
bedding was also observed. Scattered pyrite single crystals and pyrite concretions
occur. Fractures and stromatactic voids are ﬁlled with sparry calcite and pyrite
(Fig. 3.7b), occasionally remaining open in the center. Some fractures occur in
stylolithic or steplike arrangement and bitumen ﬁlled pressure solution stylolites were
observed (Fig. 3.7b). The fossil content comprises gastropods, lamellibranchiats,
syringopore corals, crinoid stem segments, brachiopods, ostracods, and calcispheres,
often accumulated in layers and clusters. Contacts of shell layers are irregular and
thin walled fossils are often shattered. Occasionally hardgrounds with encrusted
fossil fragments occur. Coaliﬁed plant remains are found on bedding contacts.
Biodetritus is also accumulated in allodapic, normally graded layers that sharply
overly skeletal argillaceous lime mud- to wackestones (marl) and skeletal argillaceous
mudstones (Fig. 3.7c). Frequent ichnofossils include Chondrites, Phycosiphon,
Scolicia, mud-ﬁlled Zoophycos, and Planolites.
Skeletal argillaceous to calcareous lime mud- to wackestone (marl). The
skeletal argillaceous to calcareous lime mud- to wackestone (marl) is another major
lithofacies in the “Kohlenkalk” Formation (Carboniferous Limestone) that mainly
occurs in the middle part of the succession. This lithofacies is characterized by
dark-gray–black, partly dolomitic, bituminous, and silty argillaceous to calcareous
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marlstones with varying carbonate content (Fig. 3.6). The argillaceous to calcareous
marlstones occur as thin beds with 1–60 cm thickness and in close intercalation with
skeletal wacke- and packstones as well as skeletal argillaceous mudstones (Figs. 3.7c
& d). The alternation is characterized by ﬂaser to lenticular bedding features often
highlighted by fossil remnant alignment. Parallel to wavy bedding also occurs (Figs.
3.7d, 3.8b). Compaction has served to enhance laminations in the mudstone, which
range from continuous to discontinuous at core scale. The more calcareous basal
part of the succession contains elevated contents of dispersed silt and ﬁne-grained
sand. With the transition towards the top of the cycle the clay content successively
increases. Pyrite and siliciﬁed concretions as well as angular calcite and pyrite
single crystals are scattered throughout the sediment. The fossil content comprises
calcareous algae, crinoid stem segments (Figs. 3.7c & d), lamellibranchiates as well
as subordinate syringopore corals and brachiopod remnants partly accumulated in
layers and clusters.
Skeletal argillaceous mudstone. The argillaceous mudstone is a subordinate
lithofacies within the “Kohlenkalk” Formation (Carboniferous Limestone) and at-
tains thicknesses of up to 0.9m but beds are usually considerably less thick. The
monotonous, dark gray to bluish-black, bituminous sediments contain small amounts
of silt-sized detrital grains (Fig. 3.8c). Skeletal argillaceous mudstones mainly occur
in close intercalation with skeletal argillaceous lime mud- to wackestones (Figs. 3.7c
& d), yet thin laminae also occur within skeletal wacke- to packstones (Fig. 3.7a).
Vertical changes to over and underlying lithofacies are either sharp or gradational.
The sediments are unstratiﬁed or indistinctly parallel bedded with isolated, colorless
anhydrite laminae (2mm). Here, large amounts of pyrite single crystals (0.1mm)
and framboids occur. With increasing carbonate content the argillaceous mudstones
transition to slightly calcareous mudstones that are characterized by parallel to
wavy (Fig. 3.7e) and ﬂaser to lenticular bedding that is frequently highlighted by
thin walled skeletal fragments, e.g., lamellibranchiates aligned to bedding planes
(Fig. 3.7f). In the lower parts of the succession synaeresis cracks occur. Fossils
include brachiopods, crinoid stem segments, ostracods, lamellibranchiates, sponge
spicules, and calcareous algae that are occasionally pyritized and often accumulated
in clusters and layers. Scarce coaliﬁed plant remains occur on bedding planes.
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Figure 3.7.: Photographs showing the diﬀerent lithofacies and the sedimentary structure of
the “Kohlenkalk” Formation. (a) Pseudo-oolithic limestone of the skeletal wacke- to packstone
lithofacies, well Sagard 1/70, 2,625m. (b) Pressure solution stylolites ﬁlled with bitumen, well
Sagard 1/70, 2,623m. (c) Normally graded allodapic layer overlying skeletal argillaceous lime mud-
to wackestone, well Sagard 1/70, 1,588m. (d) Flaser and lenticular bedding, well Sagard 1/70,
1,591m. (e) Intercalation of skeletal wackestone and skeletal argillaceous mudstone, well Sagard
1/70, 2,073m. (f) Close intercalation of skeletal wackestone and argillaceous lime mudstone with
bedding highlighted by lamellibranchiate remnant alignment, well Sagard 1/70, 2,079m. Scale bar
is 1 cm, arrows indicates down-hole direction.
Siltstone. In the deepest part of the “Kohlenkalk” Formation (Carboniferous
Limestone) on Rügen Island, three thin siltstone beds with 12–85 cm thickness occur
(Fig. 3.6, lowermost core barrel). The massive to parallel bedded, black-green to
black-reddish brown, and dark-gray–bluish-black, bituminous and slightly calcareous
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Figure 3.8: Photomi-
crographs of biota and
sedimentary textures in the
“Kohlenkalk” Formation. (a)
Skeletal lime packstone with
miliolid foraminifera partly
with geopetal fabric, mollusk
fragments, calcipheres, well
Sagard 1/70, 1,658m. (b)
Crinoid ossicle with typical
characteristic echinoderm
grains – single crystal
extinction, well Sagard 1/70,
1,741m. (c) Laminated
mudrock with isolated
well-rounded detrital quartz
grains, blue stained epoxy,
well Sagard 1/70, 2,074 m.
Scale bar is 1mm.
a
c
b
1
1
2
1 – skeletal lime packstone
2 – laminated skeletal argillaceous mudstone
3 – wavy bedded intercalation of skeletal argillaceous mudstone 
and calcareous wackestone (marl) 
2
3
siltstone layers are ﬁne-grained. Hematite grains, scarce coaliﬁed plant remains, and
gray-black carbonate concretions with a greenish tint are scattered throughout the
beds. Syngenetic slump features, isolated slickensides, and intercalated limestone
laminae occur.
Fine-grained sandstone. Four ﬁne-grained sandstone layers (1–13 cm) and one
ﬁne-grained sandstone bed (1.25m) were encountered within the last three core
barrels of well Sagard 1/70 (Fig. 3.6, lowermost core barrel). The dark-gray–bluish
black, bituminous, micaceous sandstone layers are wavy to subordinately ﬂaser
bedded and normally graded. They are characterized by a moderate carbonate
content with scattered pyrite crystals and small concretions. The light-gray–gray,
micaceous and bituminous sandstone bed is moderately bioturbated and comprises a
small-scale rhythmical succession of four calcareous and argillaceous sandstone layers
with sharp basal contacts and normal grading. Coaliﬁed plant remains and isolated,
white-gray quartz pebbles are scattered within the sandstone beds. Additionally
scarce brachiopods and crinoid stem segments occur. Fractures transecting the
sandstone are partly ﬁlled with calcite and partly open.
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3.6.2. Petrography
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
Most of the samples contain a mixture of silt- and clay-size particles. Seven samples
also include sand components (> 63μm). The ﬁne-grained sand- and siltstones are
poorly sorted with sub-angular to sub-rounded constituents. Textural inversions in
the form of bimodal grain-size distributions occur along bed contacts (Fig. 3.4a).
XRD data shows a composition of quartz, plagioclase, muscovite, kaolinite, illite,
chlorite, siderite, and pyrite. Clay mineralogy data concurs with results from clay
separate analyses presented by Hoth (1997) and Wolfgramm (2002).
The ﬁssile mudstones are composed of 30–60% silt-sized detritus in form of sub-
angular to sub-rounded quartz and subordinate plagioclase grains in a clay-rich ma-
trix that supports individual constituents. The mudstones display a well-developed
preferred orientation of clay platelets that becomes successively randomized with
increasing silt content (Fig. 3.9).
Quartz is the most abundant mineral phase (Fig. 3.10) and main cement phase
(Hoth, 1997; Wolfgramm, 2002) in the ﬁne-grained sandstones usually constituting
52–54% with amounts successively decreasing with the transition through siltstones
(30–40%) to mudstones (20–30%, Fig. 3.10). Several varieties of quartz were noted:
(1) Detrital sub-angular to sub-rounded single crystal grains sometimes with early
stages of syntaxial overgrowths. Quartz overgrowths can be selectively located on
grain contacts where two or more grains are in close relation. A positive linear
trend in SiO2/Zr-ratio (Fig. 3.11) implies that no biogenic quartz is present in the
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) samples. (2)
Composite or polycrystalline quartz grains with c-axes of individual subcrystals
showing considerable variations in orientation and undulose extinction. Fluid and
solid inclusions are present within mono- and polycrystalline crystals. (3) Authigenic
quartz, as described by Thyberg et al. (2010) and Thyberg and Jahren (2011), was
observed in two morphologies within the Carboniferous mudstones: (i) micro-sized
quartz crystals and (ii) extremely thin quartz ﬂakes and sheet-like quartz cement
platelets embedded in the clay matrix. Thin, sheet-like quartz was found parallel to
bedding and between thin sheets of muscovite (Fig. 3.12a). Euhedral megaquartz
occurs as fracture ﬁlling.
Feldspar occurs throughout the entire Carboniferous succession (0.5–16%, mean
6.7%), dominantly as plagioclase (Fig. 3.12b). K-feldspars only occur scarcely. No
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Figure 3.9.: SEM/BSE-micrographs of sedimentary microfabrics in the “Altmark–North-
Brandenburg Culm” (Synorogenic Flysch Formation) with respective TOC and porosity values.
(a–c) and (e–f) display a successive increase of preferred particle orientation with decreasing
sand/silt-content. (a–b) Variations within the sand–mud interbedded lithofacies – particle ori-
entation is random and the samples are non-ﬁssile (corresponds to zone 1 in Fig. 3.4a), well
Angermünde 1/68, 5,016m, signal=BSE; preferred platy particle orientation becomes more pro-
nounced with increasing clay content (corresponds to zone 2 in Fig. 3.4a) well Zehdenick 2/75,
5,147m, signal=BSE. (c) Mud–silt interbedded lithofacies – particle orientation becomes more
parallel and oriented to bedding, well Peckensen 7/70, 4,460m, signal=BSE. (d) Mud–silt in-
terbedded lithofacies – pyrite framboids and single crystals in close association with organic matter,
internally framboids display various stages of pyrite cementation, well Oranienburg 1/68, 4,900m,
signal=BSE. (e–f) Black mudrock lithofacies – well developed parallelism of platy material
with clay ﬂakes wrapping around silt-sized grains (quartz, pyrite framboids). Cavities are zones
where silt-sized grains were dislodged during sample preparation, well Pröttlin 1/1h/81, 6,695m,
signal=BSE. Scale bar is 10μm.
97
3. Sedimentological and Diagenetic Controls of Gas Results
Black mudrock lithofacies (n = 9)
Mud-Silt-interbedded lithofacies (n = 15)
Sand-mud interbedded lithofacies (n = 7)
Illite 35.8%
Muscovite 46.8%
Chlorite 6.6%
Kaolinite 10.5%
Total Clay 67.6%
Quartz 24.7%
Pyrite 2.9%
Plagioclase 3.7%
Carbonates 1.1%
Total Clay 58.1%
Quartz 34.5%
Pyrite 0.2%
Plagioclase 5.1%
Carbonates 2.1%
Total Clay 39.0%
Quartz 48.8%
Pyrite 0.3%
Plagioclase 11.5%
Carbonates 0.3%
Illite 37.0%
Muscovite 51.0%
Chlorite 5.9%
Kaolinite 6.1%
Illite 21.2%
Muscovite 69.7%
Chlorite 4.2%
Kaolinite 4.8%
Figure 3.10: De-
tailed X-ray diﬀrac-
tion mineralogy of
the “Altmark–North-
Brandenburg Culm”
(Synorogenic Flysch
Formation).
depth-dependent variation in the content was noted but rather a dependence on the
grain size of the sediments. Sandstones generally contain more plagioclase (11–20%)
than silty mudstones (1–8%, Fig. 3.10). Grains are sub-angular to sub-rounded.
Very scarcely, euhedral-shaped crystals were observed. Often detrital grains display
considerable alterations and replacements (mainly calcite, Fig. 3.12b). Illite and
muscovite are the dominant clay mineral fraction of the matrix in the mud-, silt-,
and sandstones with amounts varying between 31–67% (Fig. 3.10). Chlorite occurs
as light-green to transparent, authigenic knots and ﬂakey aggregates with anomalous,
dark-bluish-gray birefringence ﬁlling gores between detrital components as well as
pores and small scale fractures. In some cases a close relation of chlorite and authi-
genic siderite rhombs was observed (Fig. 3.12c). Siderite occurs as microcrystalline
euhedral to sub-euhedral rhombohedra randomly scattered throughout the matrix,
in bands with thicknesses of ∼ 5–20 crystals (Fig. 3.12d), and in lenses. Kaolinite
occurs only until 4,600m. However, Hoth (1997) reported occurrences to depths
of 5,300m in these sediments. Pyrite occurs in two principal modes: (1) as single
euhedral octahedra and (2) as spherical framboids. Both varieties are often found
in or in close vicinity of organic matter (Fig. 3.9d). Yet, both varieties are also
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Figure 3.11: Zr-SiO2
cross-plot from the
“Altmark–North-
Brandenburg Culm”
(Synorogenic Flysch
Formation). The
positive trend is
termed “terrestrial
trend” and refers to
samples where SiO2
is derived from a ter-
restrial source. Data
from Striegler (1970),
Hartmann (1974),
and Wolfgramm
(2002).
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randomly distributed throughout the clay matrix. Often framboids occur in clusters.
Massive pyrite occurs as fracture ﬁlling.
“Kohlenkalk” Formation (Carboniferous Limestone)
Calcite is the most abundant mineral within the calcareous lithofacies (i.e., skeletal
wacke- to packstone and skeletal argillaceous to calcareous lime mud- to wackestone,
Fig. 3.13) of the “Kohlenkalk” platform. Here, it mainly constitutes the cement in
form of recrystallized microspar and pseudospar that completely alters the primary
depositional texture and occludes porosity (Fig. 3.14a). Additionally, calcite occurs
as coarse sparry cavity ﬁllings. Thin-walled calcareous fossil fragments tend to be
micritized. Thick-walled fossils have perpendicular rim cementations. Dolomite
occurs as euhedral and anhedral rhombs displaying an orange ﬂuorescing growth
zonation under blue light excitation (Fig. 3.14b).
Quartz occurs in variable form. In the deepest parts of the “Kohlenkalk” Forma-
tion (Carboniferous Limestone) within the skeletal wacke- to packstones, quartz
occurs as chert and zebraic chalcedony replacements of entire fossils or fossil parts
(i.e., predominantly in the center, Fig. 3.14a), respectively. Within the skeletal
argillaceous to calcareous lime mud- to wackestone and the skeletal argillaceous
mudstone, quartz occurs in the form of subrounded isolated sub-angular detrital
grains (Figs. 3.14c, 3.15c). Additionally, irregular and elongated microcrystalline
grains (Fig. 3.14d) and small masses with colloform textures indicate quartz from
the dissolution and re-precipitation of opal from siliceous tests and spicules. Some
of these quartz grains include individual euhedral pyrite crystals supporting the
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Figure 3.12.: Photomicrographs of the mineralogy in the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation). (a) Sheet-like quartz platelets embedded parallel to the sheets of
muscovite, well Angermünde 1/68, 5,097m. (b) Plagioclase with typical polysynthetic twinning.
Crystals are often considerably altered displaying various and multiple stages of illitization,
sericitization, vacuolization, and calcite replacements, well Angermünde 1/68, 5,097m. (c) Siderite
replacement of chlorite, well Peckensen 7/70, 4,566m. (d) ‘Ultra-blue’ chlorite as fracture ﬁlling
and bands of siderite, well Peckensen 7/70, 4,566m. Scale bar is 50μm.
assumption of a biogenic origin (Fig. 3.14d).
The amount of clay minerals is highly variable (0–78%) and dominated by illite
and kaolinite in all samples (Fig. 3.13). With increasing depth minor amounts of
authigenic muscovite (sericite) and chlorite occur. In addition, a well-developed
preferred orientation of clay platelets that positively correlates with the amount of
clay minerals has been observed (Fig. 3.15). Pyrite was mainly encountered as small
framboids aggregated into larger masses (Fig. 3.15f). Additionally, euhedral pyrite
crystals of several hundred micrometers in size were observed in internal molds of
Tasmanites. Both, pyrite framboids and single crystals occur in close relationship
with or within organic matter, as well as randomly distributed. Plagioclase contents
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Figure 3.13: De-
tailed X-ray
diﬀraction min-
eralogy of the
“Kohlenkalk” Forma-
tion (Carboniferous
Limestone).
Skeletal argillaceous mudstone (n = 15)
Skeletal argillaceous to calcareous lime mud- to wacksestone (marl, n = 11)
Skeletal wacke- to packstone (n = 7)
Total Clay 70.2%
Quartz 23.2%
Pyrite 4.3%
Carbonates 2.3%
Total Clay 44.8%
Quartz 22.7%
Pyrite 2.8%
Carbonates 29.6%
Total Clay 22.9%
Quartz 14.2%
Pyrite 2.4%
Carbonates 60.3%
Illite 55.6%
Muscovite 17.5%
Chlorite 6.0%
Kaolinite 20.9%
Illite 37.4%
Muscovite 11.6%
Kaolinite 51.0%
Illite 58.3%
Muscovite 14.2%
Chlorite 3.7%
Kaolinite 23.9%
are very low (0.3–1.5%, Fig. 3.13) in the proﬁle of well Rügen 2/67 where authigenic
albite (Fig. 3.15b) occurs as euhedral crystals in close vicinity to thin intercalated
volcanic dykes.
Vitrinite reﬂectance, TOC content, and relative hydrocarbon potential
The sediments of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation) are characterized by TOC contents of 0.45–1.98wt.% (Figs. 3.16, 3.17)
and measured mean vitrinite reﬂectance (Table 3.1) ranges from 2.4% at 4920 m
to 3.4% at 5,830m placing the entire succession in the dry gas window (> 1.4%).
Organic petrography revealed well preserved vitrinite and intertinite, conﬁrming a
terrestrial Type III dominated kerogen. Vitrinite and intertinite are dominated by
telinite, collinite, and subordinate amounts of vitrodetrinite as well as semifusinite,
fusinite, and isolated sclerotinite, respectively.
The TOC content of the “Kohlenkalk” sediments is dependent on the lithology,
being highest in clay-rich samples. Samples from the skeletal argillaceous to calcare-
ous lime mud- to wackestone (marl) and skeletal wacke- to packstone range from
0.51 to 2.67wt.% (mean 1.25wt.%) and from 1.09 to 4.46wt.% (mean 2.53wt.%)
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Figure 3.14.: Photomicrographs of the mineralogy in “Kohlenkalk” Formation (Carboniferous
Limestone). (a) Coarse calcite recrystallization fabric with almost complete loss of primary texture
(only envelopes of Foraminifer? visible) and 2nd stage silica (zebraic chalcedony) replacement of
calcite, well Sagard 1/70, 2,546m. (b) Authigenic euhedral rhombs of microdolospar showing
zonation highlighted by ﬂuorescence (blue light excitation), well Sagard 1/70, 2,078m. (c) Biogenic
silica as early diagenetic ﬁlling of an algal cyst; the cyst wall is still visible. Black grains are
pyrite, well Sagard 1/70, 2,197m. (d) Sheet-like microcrystalline quartz released by dissolution
and re-precipitation of opal from siliceous tests and spicules. Black grains are pyrite, well Sagard
1/70, 2,078m. Scale bar is 50μm.
TOC, respectively, whereas the black skeletal argillaceous mudstone shows TOC
values between 0.83–6.96wt.% (mean 4.47wt.%, Figs. 3.16, 3.17). The “Kohlenkalk”
sediments are dominated by alginite (both telalginite and lamalginite) and cutinite
in addition to minor amounts of vitrinite and scarce inertinite. Fluorescence of
alginites and cutinites was observed under blue-light excitation. Sporinites, prasino-
phyte alginites, and Tasmanites show orange ﬂuorescence colors. Vitrinite occurs in
two generations with diﬀering reﬂectance values. The local presence of amorphous
organic matter residues in stylolites supports the observation that the “Kohlenkalk”
Formation (Carboniferous Limestone) contained marine oil-prone Type II kerogen
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Figure 3.15.: SEM/BSE-micrographs of sedimentary microfabrics in the “Kohlenkalk” Formation
(Carboniferous Limestone). (a) and (c–e) display a successive increase of preferred particle
orientation with decreasing carbonate-content. (a) Skeletal lime wacke- to packstone – particle
orientation is mainly random. Only in thin clay-rich laminae a preferred orientation of clay ﬂakes
is visible, well Sagard 1/70, 2,197m. (b–d) Skeletal argillaceous to calcareous lime mud- to
wackestone (marl) – authigenic and idiomorph albite crystal, well Rügen 2/67, 2,489m; authigenic?
sub-rounded, silt-sized grains (quartz) in calcareous lime mudstone probably originating from
the dissolution and re-precipitation of opal from siliceous tests and spicules (see Fig. 3.12c),
well Sagard 1/70, 2,378m; preferred orientation of clay ﬂakes increases in argillaceous mudstone
bed, well Sagard 1/70, 2,397m, (b–d) correspond to wavy bedded intercalation of argillaceous
mudstone and calcareous mudstone in Fig. 3.7c). (e–f) Skeletal argillaceous mudstone – dominant
preferred orientation and well developed parallelism of platy material with clay ﬂakes wrapping
around silt-sized grains (quartz, pyrite polyframboid), well Sagard 1/70, 2,076m. Scale bar is
10μm.
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Figure 3.16: Boxplot
of TOC contents
in the diﬀerent
lithofacies of the
“Altmark–North-
Brandenburg Culm”
(Synorogenic Flysch
Formation) and the
“Kohlenkalk” Forma-
tion (Carboniferous
Limestone).
and generation and expulsion of petroleum concentrated residual amorphous kerogen
on these migration pathways (Sassen et al., 1987; Leythaeuser et al., 1995).
The measured mean vitrinite reﬂectance (Table 3.1) of the “Kohlenkalk” Formation
(Carboniferous Limestone) ranges from a minimum of 0.8% at 1,650m to 1.7% at
2,760m indicating that the samples below 2,300m are in the gas window (> 1.4%).
Hence, the upper part of the “Kohlenkalk” Formation (Carboniferous Limestone)
displays a thermal maturity appropriate for shale oil occurrences. However, the lack
of an oil cross over eﬀect, i.e., the crossover of oil content (RockEval S1) relative to
organic richness (TOC, absolute values) does not indicate potentially producible
oil in the “Kohlenkalk” Formation (Carboniferous Limestone) (Jarvie, 2012b) even
if a signiﬁcant loss of S1 due to evaporation during decade-long storage, sample
handling and preparation is taken into account (Fig. 3.18). In addition, the oil
saturation index (OSI) (S1 x 100/TOC) does not reach the empirical threshold value
of 100mg hydrocarbons HC/gTOC (Jarvie, 2012a,b).
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Figure 3.17.: Normalized ternary plot of X-ray diﬀraction mineralogy (quartz, carbonates, and
clays) with superimposed TOC values of (a) “Altmark–North-Brandenburg Culm” (Synorogenic
Flysch Formation) and (b) “Kohlenkalk” Formation (Carboniferous Limestone) samples. For better
visualization, the skeletal argillaceous to calcareous lime mud- to wackestone lithofacies has been
discriminated into carbonate-rich and mud-rich subgroups.
3.7. Discussion
3.7.1. Interpretation of the Depositional Environment
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
On the basis of sedimentary structures, lithofacies, organic petrography, and com-
parisons with regional sedimentological and tectonic features, the sediments of
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) are most
appropriately interpreted as having formed in a deep marine siliciclastic slope to
basinal setting. This interpretation is consistent with results presented by Hoth
(1997), Jäger (1999), Kornpihl (2005), and Franke (2006). The main depositional
processes included debris ﬂows and high-density turbidity currents on the proximal
slope (sand–mud interbedded lithofacies) and medium-density turbidity currents
along the slope–basin transition (mud–silt interbedded lithofacies). Structureless
bases and parallel and ripple laminated upper parts in sand- and siltstone beds
of the sand–mud interbedded lithofacies correspond to Bouma sequences Ta − Td
(Bouma, 1962) or Stow interval S3 (Stow et al., 1996). The sand- and siltstones of
the mud–silt interbedded lithofacies correspond to Bouma sequences without base
(Tb − Te and Tc − Te). Overlying structureless or indistinctly parallel laminated
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Figure 3.18: Oil
crossover eﬀect in the
productive Barnett
Shale, Fort Worth
basin, Texas vs. non-
productive “Kohlenkalk”
Formation (Carbonif-
erous Limestone).
The gray shaded area
illustrates that when
free oil from RockEval
measured oil content
(S1) exceeds TOC on an
absolute basis, poten-
tially producible oil is
present (Barnett data
from Jarvie, 2012a,b).
mudstones correspond to Bouma sequences Tet−Teh or Stow intervals T6−T8. The
siltstone beds of the black mudrock lithofacies correspond to Bouma divisions Td
and Te or T3−−7 mud-turbidites of Stow et al. (1996). Laminae with a considerable
amount of ﬁne-grained sand may be described as T0−−3 ﬁne-grained turbidites. Low
density suspension currents, either as end members of gravity mass ﬂows of mixed
granulometry which have lost their coarser grain size fraction, or solely derived from
muddy sediment sources such as ﬁne-grained slope sediments may have favored
the formation of these distal mud turbidites (Chough, 1984; Stanley, 1985). Large
river ﬂoods or muddy sediments stirred up by storms in shallow seas may have
contributed to the formation of mud turbidites (Kornpihl, 2005). Additionally,
lenticular bedding and small cross stratiﬁcation in the black mudrock lithofacies also
support erosion and redeposition of mud clasts under higher ﬂow velocities (Schieber
and Yawar, 2009; MacQuaker et al., 2010; Schieber et al., 2010). Hemipelagic mud
plumes may also be responsible for transporting clay-size to silt-size particles into
the basin (Stow et al., 1996). Indications also exist that occasionally sediment was
reworked by contour currents.
Basal reverse grading observed in gravity deposits of the mud–silt interbedded
lithofacies may be due to laminar ﬂow at the suspension/seaﬂoor interface and sharp
lower and upper boundaries indicate sudden changes in velocity of the depositing
current. These features are characteristic for modern contourites and therefore
suggest the absence of gravitational processes (Stow and Lovell, 1979). However, an
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absolute diﬀerentiation of capped Bouma sequences and contourites was not possible.
These contourites are therefore interpreted as derivatives of turbidity currents (redis-
tribution by bottom currents; Hernandez-Molina et al., 2008). Possible contourites in
Lower Carboniferous allochthonous units have been reported by Oczlon (1994) and
Franke (2007). Oczlon (1994) describes the Middle–Upper Devonian–Tournaisian
“Flinzkalk”-Formation (redeposited limestones interbedded with chert and shale)
in the Harz Mountains as sediments that have been reworked and subsequently
incorporated in olistostromes that placed them in the Rhenohercynian Zone during
the Visean. Franke (2007) interprets massive beds with large-scale cross bedding
and basal granules around 2mm as possible contourites in the “Hörre-Gommern
Quarzite” (Lower to Middle Visean quartzose sandstone-series). Jäger (1999) and
Kornpihl (2005) however, present more detailed sedimentological descriptions and
interpret these successions as derived from high-density turbidity currents. The
distribution of a source potential within the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation) is inﬂuenced by the distribution of silt- and sand-
bearing intervals and mudrock diagenesis. Deep burial along with high compaction
resulted in a great loss of porosity. However, the silt- and sandstones beds have
slightly higher porosity than the mudrocks. In well Oranienburg 1/68 gas shows of
up to 76 vol.% methane were located in these silt- and sandstones. Gas charging was
reported to being sourced from the surrounding black mudrocks (Striegler, 1970).
Additionally, gas shows between 70–99 vol.% methane were also reported from well
Pröttlin 1/1h/81, Angermünde 1/68, and Peckensen 7/70 (Berger, 1971; Hartmann,
1974; Berger, 1986). In combination with moderate TOC contents, favorable kerogen
types and mineralogical compositions, as well as maturities in the dry-gas window
(Fig. 3.19, Table 3.2) the sediments in the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation) area may constitute a potential target for a direct
basin-centered or hybrid gas accumulation in areas where the succession is buried
< 5,000m. Based on the reported data a shale gas potential however, is unlikely. In
other parts of Germany, sediments comparable to the back mudrock lithofacies are
buried at shallower depth, yet with high maturity (e.g., Upper Alum Shale north of
the Rhenish Slate Mountains). These sediments are currently under investigation
and considered as a potential shale gas target (Uﬀmann et al., 2012; Kerschke and
Schulz, 2013). Further to the west, the Upper Alum Shale equivalent Greverik
Member in the Netherlands displays even more favorable maturity and burial depth
(EIA/ARI, 2013).
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Figure 3.19.: X-ray diﬀraction mineralogy with superimposed TOC values of (a) “Altmark–North-
Brandenburg Culm” (Synorogenic Flysch Formation) samples and (b) “Kohlenkalk” Formation
(Carboniferous Limestone) samples.
“Kohlenkalk” Formation (Carboniferous Limestone)
The sediments of the “Kohlenkalk” Formation (Carboniferous Limestone) are most
appropriately interpreted as having formed on an extensive deep-water carbonate
shelf in a clear water environment. The carbonate shelf environment was repeatedly
subject to global, eustatic induced transgressions and regressions accompanied with
respective shallowing-upward cycles and minor disconformities (Hoﬀmann et al.,
2006; McCann, 2008, Fig. 3.2). Local tectonism further modiﬁed the sedimentary
sequences (Hoﬀmann et al., 2006). The main depositional processes included
authigenic lime mud formation, suspension and settling of terrigenous particles, and
carbonate debris ﬂows and/or turbidity currents composed of allochtonous fossils
and fossil remnants. Deposition probably occurred mainly below storm-wave base
that was only occasionally punctuated by storm events. Sediment formation was
most likely inﬂuenced by recurrent water-column stratiﬁcation ranging from anoxic
to oxygenated as indicated by TOC-rich intervals in skeletal argillaceous mudstones
and ichnofossils in the skeletal lime wacke- to packstones, respectively (Hoﬀmann
et al., 2006, Fig. 3.2). Formation of TOC-rich intervals is interpreted due to hot
average global temperatures (approx. 22◦C) and high atmospheric concentration
of CO2 (1,500 ppm McCann, 2008) that caused temperatures and salinities of the
ocean waters to be high. This in turn caused a stable water stratiﬁcation with cooler,
anoxic bottom water. In combination with sea-level variations and accompanied
transgressions on the low relief shelf areas, the reworking of nutrient-rich soils led
to an increase in organic matter input. A further restriction of the already limited
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internal basin circulation, and the increased oxidation caused a rapid depletion
of the dissolved oxygen in the sea water and favored anoxic conditions (Gursky,
2006). Contrastingly, Siegmund et al. (2002) suggest that anoxia was caused by
eutrophication and high organic productivity due to factors such as upwelling, a
climate-related improvement of oceanic ventilation, and volcanic nutrient input.
The gray–gray-brown–dark-gray bituminous limestone series encountered in the
lowermost parts of well Sagard 1/70 is interpreted to mark the onset of a 1st
order transgressive–regressive cycle (Hoﬀmann et al., 2006). Intercalated silt- and
sandstones are interpreted as remnants of the continuous transition from the Upper
Famennian where sedimentation in a shallow marine depositional environment
predominated (Hoﬀmann et al., 2006). In the Upper Tournaisian, the succession
becomes successively dominated by skeletal argillaceous to calcareous lime mud-
to wackestones (marl). This transition marks the onset of a second 1st order
transgressive–regressive cycle that coincides with a fast deepening of the sedimentary
environment (Hoﬀmann et al., 2006). Intercalations of argillaceous mudstones
correspond to the most distal deposits in this succession and correlate to maximum
sea-level highstands on the carbonate platform (Hoﬀmann et al., 2006, Fig. 3.2).
With the onset of Lower Visean close intercalations of skeletal argillaceous to
calcareous lime mud- to wackestones (marl) and argillaceous mudstones remain
dominant. With the transition to the Middle Visean overall dropping sea-levels
again favored the formation of skeletal wacke- to packstone platform (Hoﬀmann
et al., 2006, Fig. 3.2). The distribution of a source potential in the “Kohlenkalk”
Formation (Carboniferous Limestone) is inﬂuenced by the distribution of carbonate-
and clay-bearing intervals. TOC contents are highest in the skeletal argillaceous
to calcareous lime mud- to wackestone (marl) and skeletal argillaceous mudstone
that dominate the middle part of the Carboniferous succession on Rügen (Figs.
3.16, 3.19). Porosity in these intervals is also higher than in the skeletal wacke- to
packstone. Favorable TOC contents, kerogen type, and maturities in the transition
of the oil and dry-gas window (Table 3.2) allow the assumption that the sediments of
the “Kohlenkalk” Formation (Carboniferous Limestone) may constitute a moderate
shale gas potential. An oil shale potential, however, is unlikely due to insuﬃcient
amounts of light oil present in these sediments (Schwahn, 1972). In addition, low
maturity in the upper part of the succession and overall high clay content of the
relatively thin organic-rich mudrock layers may limit the economic gas prospectivity
of Lower Carboniferous sediments. Schwahn (1972); Hoth (1997); Gerling et al.
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Table 3.2.: Table summarizing distinguishing characteristics of the top 10 U.S. shale gas resource sys-
tems in core producing areas (Jarvie, 2012a) in comparison with the “Altmark–North-Brandenburg
Culm“ (Synorogenic Flysch Formation) and the “Kohlenkalk” Formation (Carboniferous Limestone)
investigated in this study. Bold roman numerals indicate the predominant kerogen types.
Formation “Altmark–North-Brandenburg
Culm“ (Synorogenic Flysch Forma-
tion)
“Kohlenkalk” Formation (Car-
boniferous Limestone)
U.S. Shale Gas systems
Depth (m) 4,500–7,000 1,500–2,800 700–4,000
Gross thickness (m) ∼ 1,900 (before deformation∼ 800) 1,215 45–300
TOC (wt.%) 0.5–2.0 2.4–7.0 0.5–12.0 (ø: ∼ 3)
Maturity (% VRr) 2.4–3.4 0.8–1.8 > 1.4
Porosity (%) 0.2–2.9 1.2–12.0 1–14
Quartz (%) 22–66 9–31 12–60
Clay (%) 34–78 12–81 15–50
Carbonates (%) 0–7 0–71 0–60
HI (present-day) 5–13 32–202 5–60
HI (original) 102–105 223–381 354–722
Kerogen type III/IV II/III/(IV) II (HIo: 250–800mg/g)
(1999b); Friberg (2001); Gaupp et al. (2008) implied that more favorable Lower
Carboniferous facies might be encountered further to the south of the island of
Rügen.
3.8. Summary and Conclusions
An integrated sedimentological study of the Lower Carboniferous sediments from
the NE German sub-basin was conducted to assess an initial shale gas potential
in Germany. Core material from oil and gas exploration wells was taken under
consideration of sedimentary structures, lithofacies associations, spatial distribution,
depositional environments, thickness, thermal maturity, organic and inorganic
petrology and mineralogy. By comparing the results with values from known and
potential shale gas systems in the U.S. it was attempted to assess a shale gas potential
for Lower and Early Upper Carboniferous sediments in the NE German sub-basin.
However, to allow for a signiﬁcant assessment of a shale gas potential in the study
area, additional and more detailed investigations focusing on, e.g., permeability,
geomechanical properties, and adsorption capacities are needed. Sediments of
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) were
deposited as a turbidity-derived intercalation of a sand/silt–mud interbedded and
black mudrock lithofacies in a deep marine siliciclastic slope to basinal setting. The
∼ 1,900m thick succession is characterized by moderate TOC contents of 0.5–2wt.%
and present-day maturities of 2.3–3.2%VRr. Methane may have been retained in
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the silt- and sandstones as indicated by methane-rich gas shows of up to 76 vol.%
methane (well Oranienburg 1/68) from this units. The “Altmark–North-Brandenburg
Culm” (Synorogenic Flysch Formation) may constitute a good potential for a direct
basin-centered or hybrid gas accumulation in areas where the succession is buried
< 5,000m. Sediments of the “Kohlenkalk” Formation (Carboniferous Limestone)
in the Rügen Island area were deposited on an extensive deep-water extensive
deep-water carbonate shelf in a clear water environment. Transgressive–regressive
cycles led to the formation of an up to 2,000m thick intercalation of skeletal wacke-
to packstone, skeletal argillaceous to calcareous lime mud- to wackestone (marl),
skeletal argillaceous mudstones, and subordinate siltstone and ﬁne-grained sandstone.
Carbonate and clay minerals in varying abundances dominate the “Kohlenkalk”
Formation (Carboniferous Limestone). The highest TOC contents (up to 6.96wt.%)
occur in the skeletal argillaceous mudstones and along with the near absence of
bioturbation, indicate deposition of black mudstones under mainly dysoxic to anoxic
conditions. This also favored the preservation of a mainly Type II+ III kerogen
that attained favorable present-day maturities (0.8–1.8%VRr). The “Kohlenkalk”
Formation (Carboniferous Limestone) may have a moderate shale gas potential.
However, high clay contents on one hand and the intercalation of carbonate-rich
marlstones and thick massive limestone beds on the other hand may complicate the
eﬀorts of hydraulic stimulation. An oil shale potential, however, is unlikely. Low
maturity and overall high clay content of the relatively thin organic-rich mudrock
layers may limit the economic gas prospectivity of Lower Carboniferous sediments.
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4. Grain Assemblages and
Diagenetic Overprinting in
Lower and Early Upper
Carboniferous sediments, NE
Germany
4.1. Abstract
Lower and Early Upper Carboniferous ﬁne-grained sediments in Germany have been
receiving attention for their potential of hosting unconventional gas occurrences in
the last couple of years. The initial shale gas potential for the “Altmark–North-
Brandenburg Culm” (Synorogenic Flysch Formation) and the “Kohlenkalk” Forma-
tion (Carboniferous Limestone) has been previously assessed, yet it remains unclear
how rock properties and the diagenetic overprint may inﬂuence reservoir quality.
Porosity, permeability, and organic carbon (TOC) display few correlations with
parameters of rock texture, fabric, and composition and many of these factors are
mostly obscured by the eﬀects of a protraced diagenetic history. Diagenesis in these
rocks includes mechanical as well as chemical modiﬁcations that occurred across a
wide range of burial conditions. Compaction and cementation have mostly destroyed
the primary porosity in the “Altmark–North-Brandenburg Culm” (Synorogenic Fly-
sch Formation). Here, porosity (average 0.9%) and pore sizes (4–18 nm) are reduced
to a degree such that pores are diﬃcult to detect even with advanced imaging
techniques (Ga ion-beamed milled surface and a secondary electron microscope).
Furthermore, porosity is inversely correlated to clay-mineral content, with higher
porosity values occurring in coarser-grained lithotypes. In combination with other
unfavorable reservoir parameters (high present-day burial depths, low TOC, high
112
Introduction 4. Grain Assemblages and Diagenetic Overprint
maturity) the reservoir quality is substantially reduced. The grain assemblage of
the “Kohlenkalk” Formation (Carboniferous Limestone) on the other hand, is in
large parts highly modiﬁed by replacements throughout the succession. Porosity
(average 5.4%) and pore size (3–34 nm) are highly variable, however organoporosity
was only observed in two samples. Observable intergranular porosity is dominantly
localized in pyrite framboids and between clay platelets and increases with increasing
clay-mineral content. In combination with elevated TOC and good thermal maturity
this creates a more favorable reservoir quality. Overall reservoir quality in the
investigated rocks is neither more strongly nor more simply related to variations in
primary texture and composition because the interrelationships between texture
and composition are complex and the diagenetic overprint is strong.
4.2. Introduction
Organic-rich sediments occur throughout the sedimentary ﬁll of the NE German
sub-basin and especially paleozoic black shales have been subject to extensive oil
and gas exploration in the German Democratic Republic (GDR) from 1962–1989.
However, these sediments were neglected as conventional resources due to insuﬃcient
porosity and permeability (Schwahn, 1972). In the last years, unconventional natural
gas sourced and reservoired in organic-rich mudrocks is making an important
contribution to the U.S. domestic energy production and is assumed to do so in the
coming decades (EIA, 2015b). Motivated by this success, exploration eﬀorts have
accelerated around the globe including countries like China and Canada that are
also producing commercial shale gas values (EIA, 2015c). Recent gas-in-place (GIP)
estimates of the German Federal Institute for Geosciences and Natural Resources
(BGR) attribute 3.1–13.9Bcm of shale gas to sediments in depths between 1,000–
5,000m of which ∼ 40% are assigned to carbonaceous mudrocks of the Lower
Carboniferous (Ladage et al., 2016). This complements information that has been
published on the sedimentology, lithofacies, and depositional setting (Hoﬀmann et al.,
1975; Schmidt and Franke, 1975, 1977; Piske et al., 1994; McCann, 1996; Franke, 2006;
Hoﬀmann et al., 2006). However, little detail has been published on the relationship
of lithologic variations, facies associations and diagenetic overprinting to parameters
that deﬁne reservoir quality in ﬁne-grained rocks (e.g., TOC, porosity, maturity).
This investigation of Lower and Early Upper Carboniferous ﬁne-grained rocks in the
NE German sub-basin ties to the results of Kerschke and Schulz (2013) and Kerschke
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and Schulz (2015) and focuses on a sample set from former oil and gas exploration
wells located on the northern and southern margin of the basin. This sample
set includes specimens from the organic-rich facies of the “Kohlenkalk” Formation
(Carboniferous Limestone) and “Altmark–North-Brandenburg Culm” (Synorogenic
Flysch Formation) and come from depths ranging from 1,550–2,850m and 4,450–
7,000m, respectively. Detailed results of porosity, permeability, TOC, thermal
maturity, and bulk and mineralogical composition, together with petrographic
assessment were used to characterize patterns and trends in depositional and
diagenetic reactions and to examine the extent to which primary depositional
controls on reservoir quality are discernible in the later stages of diagenesis. The
part of the sample set from the “Altmark–North-Brandenburg Culm” (Synorogenic
Flysch Formation) represents a challenging case for assessing connections between
primary depositional character and reservoir quality because diagenesis in these
successions is profound. Samples from the “Kohlenkalk” Formation (Carboniferous
Limestone) on the other hand have a lesser history of thermal exposure and diagenetic
modiﬁcation. However, the Lower to Early Upper Carboniferous sediments in the
NE German sub-basin are not yet proven to contain shale gas resources hence,
additional investigations are needed.
4.3. Geological Background
The Lower and Early Upper Carboniferous successions of the NE German sub-basin
have been subject to extensive oil and gas exploration. The marine black mudrock
units include diverse lithologies and host thermogenic gas along the southern basin
margin and oil and gas along the northern basin margin (Schwahn, 1972; Gautier,
2003). Tournaisian to Namurian A basinal shale units and Upper Carboniferous coal-
bearing sequences are known to have sourced conventional hydrocarbon reservoirs
in under-, intra- and overlying formations with the sandstones of the Rotliegend
being the most important gas reservoirs in north-west Europe (e.g., Coevorden and
Groningen gas ﬁelds in the Netherlands; West Sole gas ﬁeld in the UK; di Primio
et al., 2008; Gautier, 2003; Gast et al., 2010; Kombrink et al., 2010). During the
Lower Carboniferous, sediment deposition in the NE German sub-basin occurred on
an extensive deep-water carbonate shelf on the passive northern margin and, to the
south, in the deep-marine foredeep north of the Variscan fold-and-thrust belt (Fig.
4.1).
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indicates the position of the cross-section shown in Fig. 4.3. (c) Vitrinite reﬂectance values for
the top of the Lower Carboniferous from this study and modeled isoreﬂectances from Littke et al.
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2005). LBM – London Brabant Massif (redrawn after Ziegler, 1990; Kombrink et al., 2010).
The basin developed through extensional movements of an east–west trending
oceanic or backarc basin. The resultant Rhenohercynian Ocean (Oncken et al., 1999;
Warr, 2000) constituted a basin, i.e., the Rhenohercynian Basin (Fig. 4.1), that
extended from southern England to an area east of the Harz Mountains. During the
Tournaisian and Visean, the formerly passive margin of the Rhenohercynian Basin
was transformed into an active margin, and associated loading of the subducting
plate gave way to the formation of a series of, partly underﬁlled, basins and the
formation of the Variscan Mountains (Ziegler, 1990; Burgess and Gayer, 2000; Ricken
et al., 2000; Narkiewicz, 2007; Kombrink et al., 2008). At the Visean–Namurian
boundary, the extensional movement of the Variscan Foreland Basin decelerated and
became successively controlled by thrust-loading with a broad thermal component
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along the northern margin of the basin (McCann, 1999; Burgess and Gayer, 2000;
Oncken et al., 2000; Drozdzewski, 2005; Kornpihl, 2005). Large-scale folding and
inversion took place by the end of the Westphalian followed by the collapse of the
Variscan Mountains in the Stephanian that initiated widespread magmatism until
the Early Permian (Timmermann, 2004).
The sediments of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation; sec. Franke et al., 1995) and the “Kohlenkalk” Formation (Carboniferous
Limestone) were deposited in open-marine conditions as part of a marginal sea.
This marginal sea was connected to the Paleo-Tethys in the southwest and the
Paleo-Paciﬁc in the east (Gursky, 2006). The northern carbonate shelf environment
was repeatedly subject to regional, eustatic induced transgressions and regressions
accompanied with respective shallowing-upward cycles (McCann, 2008, Fig. 4.2).
Clastic inﬂux into the basins was derived from the Variscan Mountains to the south
(Amler and Herbig, 2006). The onset of overall regressive conditions in the Namurian
caused a regional unconformity in the NE German sub-basin (McCann, 2008, Fig.
4.1). The Lower Carboniferous “Kohlenkalk” Formation (Carboniferous Limestone)
assemblages include a variable mix of extrabasinal silicilastic material, biogenic debris
including fragments of brachiopods, mollusks, foraminifers, and thin walled bivalves,
and diagenetic grains including dolomite and calcitic intraclasts. Assemblages of
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) include
a variable mix of extrabasinal siliciclastic sediment (quartz, K-feldspar, mica, and
illitic clay, Fig. 4.1).
4.4. Sample Suite
A total of 64 samples were obtained from eight oil and gas exploration wells
drilled in the 1960s–1980s that targeted conventional reservoirs. The core material
was provided by the German Federal Geological Surveys of Brandenburg (LBGR),
Mecklenburg-Vorpommern (LUNG), and Sachsen-Anhalt (LAGB). On Rügen Island,
the total stratigraphic interval from the base of the Tournaisian to the top of the
Visean is up to 1,215m thick, encompassing a substantial part of the total thickness of
the Carboniferous succession in the subsurface of the study area. In the Brandenburg
area the sampled stratigraphic interval includes ∼ 1,900m of Upper Visean and
Namurian A sediments from the top of the “Graue Folge” (“gray succession” –
unoxidized interval of the Namurian) to the ﬁnal depth of each well. The base of
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the Lower Carboniferous was only penetrated in wells on Rügen Island (Fig. 4.1).
4.5. Analytical Methods
4.5.1. Core description and sampling
Detailed core descriptions were undertaken to characterize sedimentological features
of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) and
the “Kohlenkalk” Formation (Carboniferous Limestone) down to hand-specimen
scale. It was attempted to select a representative set of samples. Parts of the sample
suite are high-graded by selecting organic-rich cores from individual intervals. The
presence of calcite and dolomite was checked by use of (∼1M) hydrochloric acid. In
the lab samples were crushed to cm-sized pieces in a jaw crusher, powdered in a
vibratory disk mill (agate vessel) to 20–30μm, and homogenized.
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4.5.2. Petrography
Petrographic investigations and vitrinite reﬂectance measurements were performed
on bulk shale samples prepared as polished standard and ultrathin (20μm) sections
as well as polished mounts. The samples were cut and embedded perpendicular to
bedding in colorless, blue, or UV-activated stained Araldit resin, ground ﬂat, and
polished. Samples were examined in both transmitted and reﬂected, non-polarized
and polarized light on a Zeiss Axioplan photomicroscope equipped with an Axio-
Cam digital camera and three Plan-NEOFLUAR objectives with magniﬁcations
of 2.5x/0.075, 10x/0.30, and 20x/0.50. Detailed investigations were carried out
with two Epiplan-NEOFLUAR 50x/1.0 oil pol and 100x/1.30 oil pol oil immersion
objectives. Random vitrinite reﬂectance measurements (i.e., no rotation of the micro-
scope stage) were conducted in non-polarized light following the standard procedure
published in Taylor et al. (1998). Calibration of light intensities was carried out
with an Yttrium-Aluminum-Garnet-standard at 0.901%VRr, a Gadolinium-Galium-
Garnet-standard at 1.669%VRr, and a Cubic-Zirkonia-standard at 3.183%VRr.
The total number of readings per sample accounted to 50–100 depending on maceral
occurrence and particle size. Edges of the sample mount, of individual grains and
of maceral occurrences, as well as scratchy and dirty areas were avoided. Diﬀerent
types of vitrinite were not discriminated.
4.5.3. Scanning Electron Microscopy (SEM)
Scanning electron microscope (SEM) investigations of selected rock chips and
polished thin sections were conducted on a ZEISS ULTRA 55 Plus Schottky-type
ﬁeld emission scanning electron microscope (FE-SEM) using both secondary electron
(SE) and backscattered electron (BSE) modes. Rock chips from hand specimens
were broken perpendicular and parallel to bedding, attached to a metal stub, and
along with the polished thin sections, coated with a gold-platinum alloy or carbon.
The SEM imaging of pores was performed on surfaces prepared by Ga-milling cross
section polishing.
4.5.4. X-Ray Diﬀraction (XRD)
X-ray diﬀraction patterns of 1mg of grounded samples were measured in transmission
mode using a fully automated STOE STADI P diﬀractometer with focused Cu
Kα1 radiation equipped with a primary monochromator and a 7◦ position sensitive
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detector (PSD). The instrument was set up in a Debye-Scherrer geometry, with
the sample contained in a transmission sample holder between zero scatter foils.
The spectra was recorded in the range of 5–125◦ (2Θ) using a step interval of 0.1◦.
Peak positions were calibrated externally using the NSB SRM-640c silicon standard.
The quantitative analyses were performed with the open-source Rietveld-reﬁnement
package MAUD v2.33 (Lutterotti et al., 1999). Clay separate analyses results
presented by Hoth (1997) and Wolfgramm (2002) and have been used for validating
the results of this study.
4.5.5. Total Organic Carbon (TOC)
TOC measurements were conducted by Applied Petroleum Technology AS Norway.
The grounded rock samples were weighed, treated with 10% (v/v) hydrochloric acid
(HCl), heated to approximately 60◦C to remove carbonate minerals, and afterwards
rinsed with distilled water. The samples were then given into a Leco combustion
oven of a Leco SC-632 instrument, and the amount of carbon in each sample was
measured as carbon dioxide (CO2) by an infrared (IR)-detector.
4.5.6. Petrophysical Measurements
Porosity was calculated from pore size distributions obtained by mercury intrusion
porosimetry (MIP) measurements. MIP data were collected on Fision Instruments
Macropore and Mesopore units (Pascal 240). The pressure of Hg was increased
from 0 to 200MPa and pore size distributions were determined using the Washburn
(1921) equation.
D =
−4γ cosΘ
P
where D is the pore diameter, γ is the surface tension, Θ is the contact angle,
and P is the applied pressure. A contact angle of 140◦ (Gan et al., 1972) and a
surface tension of 480 dyn/cm (Gregg and Sing, 1982) were used. The minimum
measurable pore throat diameter by this technique is 3.7 nm. Permeabilities are
estimated from mercury injection curves (Katz and Thompson, 1987). The Katz and
Thompson model introduces a fractal percolation model to predict the permeability
of disordered porous media. They recognized that mercury injection deﬁnes the ﬁrst
connected path and, hence, the diameter of the smallest pores on that path. This
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allows estimations of the permeability of rocks saturated with a single liquid phase
(Cerepi, 2004).
4.6. Results
Analytical data are reported in Tables 4.1 and 4.2.
4.6.1. Bulk Composition
Utilizing a combination of petrography and bulk mineralogy (XRD) revealed con-
siderable compositional variation within the sample set. In the samples of the
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) three sedi-
mentary facies associations have been recognized (detailed lithofacies description
in Kerschke and Schulz, 2015) and sampled in the core corresponding to ﬁve com-
positional variants (compositional lithology of Table 4.1). The quartz component
(average 35%) ranges from 26–54% and is only exceeded by the clay content (mus-
covite, illite, kaolinite, chlorite) that ranges from 27–72% (average 57%). Feldspars
are components that average 5% with a range from below detection to 20%. Minor
mineral components detected by XRD include siderite and pyrite. In the “Altmark–
North-Brandenburg Culm” (Synorogenic Flysch Formation), TOC contents vary
between 0.45–1.98wt.% (Fig. 4.3, Table 4.2). A diﬀerent picture can be drawn
in the samples of the “Kohlenkalk” Formation (Carboniferous Limestone). Here
ﬁve sedimentary facies associations have been identiﬁed from which three were
sampled (detailed lithofacies description in Kerschke and Schulz (2015)). These
three sedimentary facies associations correspond to six compositional variations
(compositional lithology of Table 4.1). Table 4.2 shows that the quartz content
ranges from 9–33% (average 21%) and is thereby distinctively lower when compared
with the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation). On
the other hand, clay content (muscovite, illite, kaolinite, chlorite) averages 57%,
ranging from 40–71%. Calcite is the dominant carbonate mineral and occurs in
almost all samples of the “Kohlenkalk” Formation (Carboniferous Limestone).
Calcite averages 24% and ranges from below detection to up to 71%. In two samples
substantial amounts of authigenic dolomite (17% and 23%) were detected.
Pyrite content varies from 1–7%, averaging 3%. Feldspars (mainly authigenic albite)
only play a subordinate role. Gypsum contents range from 0.7–7%, however are
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induced by a combination of processes including pyrite oxidation, calcite weathering,
and gypsum growth often under the inﬂuence of bacterial activity during post-coring
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alteration (Self-Trail and Seefelt, 2005). This on the other hand implies, that the
measured values for calcite and pyrite may be underestimated. In the “Kohlenkalk”
sediments the TOC content depends on lithology, being highest in clay-rich samples
(Fig. 4.3). Samples from the skeletal argillaceous to calcareous lime mud- to
wackestone (marl) and skeletal wacke- to packstone range from 0.52–4.46wt.% and
0.51–2.67wt.% TOC, respectively, whereas the black skeletal argillaceous mudstone
show TOC values between 2.40–6.96wt.%.
4.6.2. Thermal Maturity
Measured mean vitrinite reﬂectance of the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation) ranges from 2.4%VRr at 4,920m and 3.4%VRr
at 5,830m placing the entire succession in the dry gas window (> 1.4%VRr). The
measured mean vitrinite reﬂectance of the “Kohlenkalk” Formation ranges from
a minimum of 0.8%VRr at 1,650m to 1.7%VRr at 2,760m indicating that the
samples below 2,300m are in the dry gas window (> 1.4%VRr, Table 4.2).
4.6.3. Petrography
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
Grains All samples are mineralogically immature and contain a mixture of silt-
and clay-size particles (Fig. 4.4a); seven samples also include a substantial sand
(> 63μm) component. Overall sorting is poor since the silt population is mixed
with clay-sized particles. Silt particles include siliciclastic grains of extrabasinal
origin (mainly quartz, feldspar, and mica, Fig. 4.4a) that are characterized by
sub-angular to sub-rounded shapes. Textural inversions in form of bimodal grain-
size distributions occur along bedding contacts (Fig. 4.4a). Silt-sized constituents
in form of quartz and subordinate plagioclase grains usually make up 30–60% of
the overall sample composition that are embedded in a potassium-rich clay matrix
(dominated by illite and muscovite). Other constituents in the range of the silt
and sand fraction include organic matter particles of probable terrestrial derivation
that can be distinguished by shapes that reﬂect the cell structure typical of woody
material (Fig. 4.4b). Organic matter particles in the lower end of the silt range
lack these distinctive shapes and cannot be readily identiﬁed as to a terrestrial
versus marine source. Samples with abundant silt-size feldspar and mica contain
substantial particulate organic matter, much of which can be interpreted on the
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basis of grain shape as terrestrial in origin (Fig. 4.4c). All samples contain a mixture
of particulate and distributed organic matter yet, neither of which is displaying
intragranular pores.
1 mm
b
c
a
Figure 4.4.: Photomicrographs of the textural variations and silt-size components in the “Altmark–
North-Brandenburg Culm” (Synorogenic Flysch Formation). (a) Textural inversion in form of
bimodal grain-size distributions, well Angermünde, 5,058m. (b) Wood fragments displaying
arcuate shapes related to cellular structure, well Oranienburg 1/68, 4,996m. (c) Organic matter
lacking distinctive shapes and cannot be readily identiﬁed as to a terrestrial versus marine source,
well Eldena 1/70, 5,189m. If not stated otherwise, scale bar is 50μm.
Diagenetic Components Chemical diagenetic processes that aﬀected the
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) were observed
in all silt- and sand-rich samples, with grain replacements being readily documented
in samples that have a signiﬁcant silt or sand content (Fig. 4.5).
Diagenetic components in samples with high clay contents however, were not
visionally discernible in thin sections. Cement between clay particles could not be
observed, yet an indirect indication of moderate cementation is that the samples
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Figure 4.5.: Photomicrographs of diagenetic components in the “Altmark–North-Brandenburg
Culm” (Synorogenic Flysch Formation). (a) Grain displacement in form of illitization and
contemporaneous silica precipitation of a detrital muscovite grain, well Angermünde 1/68, 5,016m.
(b) Plagioclase with typical polysynthetic twinning. Crystals are often considerably altered
displaying various and multiple stages of illitization, sericitization, vacuolization, and calcite
replacements, well Angermünde 1/68, 5,097m. (c) Subhedral quartz overgrowth, well Pröttlin
1/1h/81, 5,756m. (d) Sheet-like quartz platelets embedded parallel to the sheets of muscovite,
well Angermünde 1/68, 5,097m. (e) Anhedral megaquartz and calcite as fracture ﬁlling, well
Peckensen 7/70, 4,575m. (f) Euhedral carbonate crystals in quartz cement, well Eldena 1/70,
5,200m. (g) Siderite replacement of chlorite, well Peckensen 7/70, 4,566m. (h) ‘Ultra-blue’
chlorite as fracture ﬁlling and bands of siderite, well Peckensen 7/70, 4,566m. (i) pyrite framboids
and single crystals in close association with organic matter, internally framboids display various
stages of pyrite cementation, well Oranienburg 1/68, 4,900m, signal=BSE. Scale bar is 50μm.
are mildly brittle. Detrital grain alterations in silt- and sand-rich samples include
kaolinization and illitization of micas, calciﬁcation of feldspars, and rarely early
stages of syntaxial overgrowths that are selectively located on quartz grain contacts
(Figs. 4.5a–c). Authigenic quartz phases include micro-sized crystals and extremely
thin quartz ﬂakes as described by Thyberg et al. (2010) and Thyberg and Jahren
(2011) (Fig. 4.5d). Euhedral megaquartz also occurs as fracture ﬁlling (Fig. 4.5e).
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Quartz ﬁlling intergranular pores often contains liquid and gaseous inclusions and
encases vermicular kaolinite and small siderite rhombs (Fig. 4.5f). Kaolinite only
occurs until 4,600m, however Hoth (1997) reported occurrences to depths of 5,300m
in these sediments. Authigenic chlorite also ﬁlls pores and gores between detrital
components. Often, a close relation with authigenic siderite rhombs was observed
(Fig. 4.5g). Chlorite, along with massive pyrite, acts as fracture ﬁlling. Siderite
also occurs randomly scattered throughout the matrix, as well as in bands with
thicknesses of ∼ 5–20 crystals (Fig. 4.5h), and in lenses. A successive decrease with
increasing depth was noted and correlates with an increase in the chlorite content.
Pyrite occurs as single euhedral octahedra and spherical framboids. Both varieties
are often found in or in close vicinity of organic matter (Fig. 4.5i) but are also
scattered throughout the clay matrix.
“Kohlenkalk” Formation (Carboniferous Limestone)
Grains Most samples of the “Kohlenkalk” Formation (Carboniferous Limestone)
contain sand and silt sized particles that mainly include carbonate allochems
(sponge spicules, mollusks, foraminifera, Fig. 4.6a) as well as siliciclastic grains
of extrabasinal origin (quartz, mica, Fig. 4.6b). Detrital quartz of extrabasinal
derivation is characterized by subrounded isolated sub-angular grains. Pyrite occurs
as very ﬁne silt-sized framboids that are commonly aggregated into larger masses
(Fig. 4.6c). Both, pyrite framboids and single crystals occur in close relationship
with or within organic matter, yet random distributions are also common. Organic
matter particles in the “Kohlenkalk” sediments include alginite (both telalginite
and lamalginite) and cutinite in addition to minor amounts of vitrinite and scarce
inertinite (Fig. 4.6c). Fluorescence of alginites and cutinites was observed under
blue-light excitation. Sporinites, prasinophyte alginites, and Tasmanites show orange
ﬂuorescence colors. Vitrinite occurs in two generations with diﬀering reﬂectance
values. Organic matter occurs as intimate admixtures with clay particles. Dispersed
organic matter tends to be uniformly distributed within intergranular pore spaces
appearing structureless and homogeneous. This type of organic matter occurs in all
“Kohlenkalk” samples yet is most abundant in the most TOC-rich samples.
Diagenetic Components Authigenic minerals are observed in all samples and
among authigenic components, grain replacements are readily documented especially
where calcite content is high. Dolomite crystals of silt-size are dominantly replacive
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Figure 4.6.: Photomicrographs of the textural variations and silt-size components in the “Kohlenkalk”
Formation (Carboniferous Limestone). (a–b) Sand-size particles in form of allochems (e.g., mollusk
fragments) and siliciclastic grains of extrabasinal origin (quartz, mica), well Sagard 1/70, 1,835m.
(c) Organic matter types (e.g., laminated alginite, cutinite, vitrinite), well Sagard 1/70, 2,078m.
Scale bar is 50μm.
forming euhedral to sub-euhedral crystals with orange ﬂuorescence colors under blue
light excitation (Fig. 4.7a). Mollusk fragments, originally aragonite, are replaced by
sparry calcite and quartz (Fig. 4.7b). Thin-walled calcareous fossil fragments tend
to be micritized. Thick-walled fossils tend to have perpendicular rim cementations.
In the lowest parts of the succession in well Sagard 1/70, recrystallization of micrite
to microspar and pseudospar completely altered the primary depositional texture
(Fig. 4.7c). Here, skeletal debris is often recrystallized and occasionally replaced by
chert and zebraic chalcedony (Fig. 4.7b). Cement within intragranular pores, e.g.,
calcispheres and ostracods, is observed as sparry calcite (Fig. 4.7d).
Biogenic silica occurs as diagenetic ﬁllings of algal cysts (Fig. 4.7e). Additionally,
irregular and elongated microcrystalline grains (Fig. 4.7f) and small masses with
colloform textures indicate diagenetic quartz from the dissolution and re-precipitation
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Figure 4.7.: Photomicrographs of the mineralogy in the “Kohlenkalk” Formation (Carboniferous
Limestone). (a) Authigenic euhedral rhombs of microdolospar showing zonation highlighted by
ﬂuorescence (blue light excitation), well Sagard 1/70, 2,078m. (b) Coarse calcite recrystallization
fabric with almost complete loss of primary texture (only envelopes of Foraminifer(?) visible)
and 2nd stage silica (zebraic chalcedony) replacement of calcite, well Sagard 1/70, 2,546m. (c)
Pressure solution, stylolithe, well Sagard 1/70, 2,546m. (d) Sparry calcite ﬁlling of allochems, well
Sagard 1/70, 2,625m. (e) Biogenic silica as early diagenetic ﬁlling of an algal cyst; the cyst wall
is still visible. Black grains are pyrite, well Sagard 1/70, 2,197m. (f) Sheet-like microcrystalline
quartz released by dissolution and re-precipitation of opal from siliceous tests and spicules. Black
grains are pyrite, well Sagard 1/70, 2,078m. (g) Particulate organic matter displaying arcuate
shapes related to the cellular structure and diﬀerent types of pyrite, well Rügen 2/67, 1,994m,
signal=AsB. (h) Fracture ﬁlling, well Sagard 1/70, 2,625m. (i) Authigenic and euhedral albite
crystal, well Rügen 2/67, 2,489m, signal=AsB. If not stated otherwise, scale bar is 50μm.
of opal from siliceous tests and spicules. Some of these quartz grains include
individual euhedral pyrite crystals supporting the assumption of a diagenetic origin.
Pyrite framboids often display early to intermediate stages of pyrite cementation
with occluded rims and interlocking single crystals in the center (Fig. 4.7g). Imaging
of intergranular cement however, is challenging due to the extreme small size of pore
space between clay particles. An indirect indication for the lack of cementation is
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that the clay rich samples are all extremely soft. Sparry calcite along with euhedral
megaquartz is the principal ﬁlling of tectonic fractures oriented at high angle to
bedding (Fig. 4.7h). Subordinately, chlorite and pyrite occur. In well Rügen 2/67
authigenic albite (Fig. 4.7i) occurs as euhedral crystals in close vicinity to thin
intercalated volcanic dykes. According to Spötl et al. (1999) euhedral albite is a
characteristic feature of brine-carbonate interaction at temperatures ranging from
high-grade diagenesis (∼ 150–200 ◦ C) to lower greenschist facies (∼ 300–350 ◦ C).
Here allochtonous brines provide sodium whereas aluminium ± silica is derived from
the alteration or breakdown of clay minerals.
4.6.4. Pores, Porosity, and Permeability
The MIP data of this data set reveals that the average pore throats in this sample set
are very small ranging between 4–18 nm. Micropores (< 2 nm) associated with the
organic matter fraction cannot be penetrated with MIP but can add substantially
to the total porosity.
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
Pores that are large enough to be detected by SEM imaging (> 4 nm) are observed
as intercrystalline pores especially in pyrite framboids and between clay platelets
(Figs. 4.8c–d). Intragranular porosity in organic matter that could possibly enhance
gas storage capacities was not observed. Porosity measured in samples of the
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) are very low
and remain relatively constant with no distinct changes with increasing depths (Fig.
4.9). Values range from 0.25–2.9% (average 0.9%) with average pore radii between
4–18 nm and calculated permeabilities range between 0.4–130 nD.
“Kohlenkalk” Formation (Carboniferous Limestone)
Visually discernible intergranular pores in “Kohlenkalk” samples occur especially
in pyrite framboids and between clay platelets (Figs. 4.10a–c). Minor pores
occur around the margins of some calcite and dolomite crystals (Fig. 4.10c).
Intragranular porosity in organic matter that could possibly enhance gas storage
capacities was only observed in sample Sagd 1/8 (Figs. 4.10d, e–f). Porosity in the
“Kohlenkalk” Formation (Carboniferous Limestone) varies from 1.6–11.9% (average
5.4%) with average pore radii between 3–34 nm. Calculated permeabilities range
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Figure 4.8.: Photomicrographs of detectable porosity in the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation). (a) Intergranular porosity in a sandstone (blue-stained epoxy),
well Angermünde 1/68, 5,005m. (b) Intergranular porosity in a siltstone (UV-activated epoxy, blue
light excitation), well Angermünde 1/68, 5,016m. (c) Interparticle porosity in pyrite framboids,
well Pröttlin 1/1h/81, 6,695m, signal=AsB. (d) Pores between separated mica ﬂakes, well Eldena
1/70, 5,128m, signal=AsB.
from 5 nD–2.8μD. Pore size distributions in most of the samples are bimodal showing
macropores related to intergranular porosities between larger constituents, like fossil
remains and detrital components as well as post-coring alterations (Fig. 4.11).
4.6.5. Correlations
Across the correlation matrix of the measured parameters, only few signiﬁcant
correlations emerge between textural and compositional measurements. Porosity
and permeability of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation) as well as the “Kohlenkalk” Formation (Carboniferous Limestone) have
a weak positive covariation (Fig. 4.12). Permeability and TOC however, do not
display any signiﬁcant correlation with the bulk quartz or clay content or quartz/clay
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Figure 4.9: Depth-dependent variations in
the pore-size distribution of the diﬀerent
lithofacies types of the “Altmark–North-
Brandenburg Culm” (Synorogenic Flysch
Formation).
ratio in either facies. Only in well Sagard 1/70 a positive correlation of porosity
and gypsum was noted yet has been attributed to post-coring alterations. Here,
carbonate was converted to gypsum during pyrite oxidation (Self-Trail and Seefelt,
2005). The more notable correlation pertains to variations in porosity and pore size
distribution as illustrated in Fig. 4.9. In the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation), porosity decreases with increasing clay content due
to high compaction during burial.
High porosity values are attributed to coarser-grained lithotypes and fracture porosity
(Fig. 4.9). “Kohlenkalk” Formation (Carboniferous Limestone) samples that contain
high amounts of quartz and carbonates are tight with low porosity, bimodal pore
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Figure 4.10.: Photomicrographs of detectable porosity in the “Kohlenkalk” Formation (Carbonif-
erous Limestone). (a) Interparticle porosity within pyrite framboids well Sagard 1/70, 2,076m,
signal=AsB. (b–f) High-resolution pore imaging, well Sagard 1/8, 2,076m, signal=AsB. (b)
Pores between separated mica ﬂakes, well Sagard 1/8, 1,986m, signal= InLens. (c) Pores between
separated mica ﬂakes and around carbonate grains, well Sagard 1/8, 2,079m, signal= InLens.
(d–e) Minor pore development observed in association with pyrite framboids is, in fact, localized
within pyrite-associated clay-OM admixture, well Sagard 1/8, 1,986m, signal= InLens. (f) Pore
development appears to be somewhat localized in the interfaces between organic matter and
adjacent minerals, well Sagard 1/8, 1,986m, signal= InLens.
size distributions, and mean pore sizes in the macropore range (> 50μm). Porosity
and pores in the mesopore range decrease with increasing depth and diagenesis
(Fig. 4.11). With increasing amount of clay minerals, porosity is increasing and
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pore size distributions shift towards the mesopore range (2 nm–50μm, Fig. 4.11)
and often maintain the increase towards the micropore range below 2 nm. Pore size
distributions in most of the samples of both facies are bimodal showing macropores
related to post-coring alterations. Therefore, overall porosity values measured for
both facies are probably exaggerated.
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Figure 4.11.: Depth-dependent variations in the pore-size distribution of the diﬀerent lithofacies
types of the ““Kohlenkalk” Formation (Carboniferous Limestone). With increasing clay content,
bimodal pore size distributions as an eﬀect of post-coring alterations become dominant.
4.7. Discussion
4.7.1. Pores
In the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation), com-
paction in mud clearly dominated porosity decline under conditions of rapid burial
and resulting low geothermal gradients (e.g., Velde, 1996). The presence of silt-sized
components has had an impact on porosity evolution in compaction as a consequence
of the more rigid behavior of quartz and feldspar as compared with the more ductile
behavior of the surrounding clay-sized mineral grains. It was shown, that greater
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Figure 4.12.: Permeability versus Porosity with superimposed TOC contents in samples of the
“Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) and the “Kohlenkalk” For-
mation (Carboniferous Limestone).
silt content can enhance the preservation of intergranular pores during compaction
(Curtis et al., 1980; Sintubin, 1994; Day-Stirrat et al., 2010; Milliken and Reed, 2010;
Schieber, 2010; Schneider et al., 2011). The processes leading to porosity preserva-
tion include the sheltering of clay-sized particles from compactional rearrangement
(Curtis et al., 1980; Sintubin, 1994; Day-Stirrat et al., 2010; Milliken and Reed,
2010; Schieber, 2010) and packing ﬂaws at the margin of silt particles (Tomutsa
and Radmilovic, 2003; Debois et al., 2009; Milliken and Reed, 2010; Schieber, 2010).
Although it has not been proven that these relationships apply for thinner mudrocks
that have undergone rapid burial, Milliken et al. (2012b) hypothesize that at least
for rocks of a given bulk composition and burial history, silt content should have a
positive correlation to porosity and permeability. Whether intergranular porosity
in the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) was
lost mainly through compaction or a combination of compaction and cementation is
not veriﬁable. Euhedral pyrite and siderite crystals as well as quartz overgrowths
are indicative of cementation (Fig. 4.5), yet to what amount the volume of these
crystals account to overall porosity decline remains uncertain.
In the “Kohlenkalk” Formation (Carboniferous Limestone) however, porosity varies
as a function of lithology. The clay-rich samples have high porosity with a signiﬁcant
proportion of this porosity being attributed to the aluminosilicate fraction (Ross
and Bustin, 2008, Fig. 4.11). Bjørlykke (1999) suggested, that the lack of pore-
reduction of clays is due to the large surface area of ﬁne clay particles and associated
bound water. As such, clays may be the most signiﬁcant contributor to porosity
in ﬁne-grained sediments (Ross and Bustin, 2007). Yet, porosity values of this
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sample set are most likely exaggerated due to post-coring alterations. However,
with greater burial depths (and associated higher temperatures and subsequent
diagenesis), compaction reduces mudrock porosity (e.g., Issler, 1992; Aplin et al.,
1995). Quartz and carbonate-rich samples on the other hand, have lower porosity.
Here pressure solution and re-distribution of silica and carbonate through diagenesis
may have attributed to porosity decline by occluding pores in the ﬁne-grained matrix
(Bjørlykke, 1999). Although some of the observed organic matter is particulate and
of terrestrial origin, the bulk of the organic matter in the “Kohlenkalk” Formation
(Carboniferous Limestone) is interpreted as marine in origin. However, substantial
amounts of solid bitumen were not observed. Hence, pores in organic matter that
can be interpreted as secondary and related to the evolution of volatile compounds
during maturation have only been observed locally in one sample (Figs. 4.10d, e–f).
4.7.2. Lithology
In the sample set described here, the sedimentary lithofacies identiﬁed by visual
inspection can be grouped by XRD compositions accordingly, yet the Macquaker-
style categorization (MacQuaker and Adams, 2003) does not fully correlate (Table
4.1). Especially among the “Kohlenkalk” samples, compositions spread widely (Fig.
4.13). It seems, that variations too small to be resolved by the methodology applied
for this sample set can make a diﬀerence in serving as important discriminators for
separating lithologic variations of signiﬁcance for understanding reservoir quality.
The textural and compositional mixing system that creates variations in the samples
remains complex and diﬃcult to discern with neither petrography nor bulk analysis
being suﬃcient to conﬁdently decipher the lithologic variations that correlate to
porosity, permeability, and TOC.
4.7.3. Assessment of Textural and Compositional
Associations
Quartz and feldspar are the most important minerals within the silt-grain population
of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation). In one
half of the sample set, the silt-grain population correlates with the amount of quartz
and feldspar. In the other half of the samples, the quartz and feldspar content
exceeds the silt-grain content indicating the presence of non-clay minerals in the
clay-size fraction. In the “Kohlenkalk” Formation (Carboniferous Limestone) how-
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Figure 4.13: Bulk composi-
tion of the “Altmark–North-
Brandenburg Culm” (Syn-
orogenic Flysch Formation)
and the ““Kohlenkalk” For-
mation (Carboniferous Lime-
stone) samples with superim-
posed porosity values.
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ever, the carbonate content, representing a combination of skeletal and diagenetic
components, adds substantial noise to the compositional data. When the sample
set is normalized to silica it becomes obvious that the silt-grain content is much
higher than the observed quartz content especially in samples of the skeletal argilla-
ceous to calcareous lime mud- to wackestone (marl) and black skeletal argillaceous
mudstone lithofacies. This is expressed in the ductile nature of these samples and
indicates only minor diagenetic biosiliceous inﬂuence. These diﬀerences between
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) and the
“Kohlenkalk” Formation (Carboniferous Limestone) samples show that the primary
grain assemblages set the stage for the chemical and mechanical processes that occur
during burial. The diﬃculty of correlating composition and texture arises because
the sample set represents a multi-component mixing system. Milliken et al. (2012b)
observed similar challenges in samples from the Barnett Shale in the Fort Worth
Basin Texas. They reported a four-component mixing system arising from two
grain-size populations (silt+ sand versus clay), each of which included composition
variants relating to extrabasinal versus intrabasinal derivations of quartz. They
reported that especially quartz poses a particular diﬃculty as it is present in all
four fractions and with that the balance of extrabasinal and intrabasinal sources of
siliciclastic constituents varies greatly with both the silt-size and clay-size fractions.
The complexity of controls on shale gas reservoir quality have been emphasized by a
number of authors (Jacobi et al., 2008; Ross and Bustin, 2008; Cameron and Walles,
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2009; Valko, 2009; Sondergeld et al., 2010; Walles, 2010) that in turn motivated
large-scale assessment approaches that often incorporate correlation matrices with
large numbers of rock properties. Thermal maturity, which is readily predictable
from basin history modeling, is widely recognized as a key parameter for predicting
gas shale generation (Jarvie et al., 2007; Kusskraa and Stevens, 2009). Other com-
monly cited elements favoring shale gas formation include a favorable combination
of high TOC and brittle rock behavior related to slow rates of biosiliceous sediment
accumulation in marine regions remote from extrabasinal siliciclastic inﬂux (Loucks
and Ruppel, 2007; Ross and Bustin, 2008; Kusskraa and Stevens, 2009). Neither
of these favorable combinations have been observed in the sample set presented
here. In the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation),
thermal maturities reached favorable levels, yet high rates of extrabasinal silici-
clastic inﬂux strongly diluted more distal sediment accumulations. TOC contents
therefore remain low. The immature mineralogical composition consequently led to
a loss of reservoir quality from burial-related compaction and diagenesis, even in
coarser-grained units that have preserved somewhat higher porosity values. In the
“Kohlenkalk” Formation (Carboniferous Limestone) however, TOC, thermal maturity,
and porosity (although exaggerated by post-coring alterations) are more favorable
than in the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation).
Yet here, biosiliceous inﬂux is only low, resulting in very ductile units. Another
factor limiting shale gas prospectivity is the overall low thickness of individual units
with favorable parameter combination.
4.8. Summary and Conclusion
An integrated petrographic and analytical study was conducted for the Lower and
Early Upper Carboniferous sediments of the NE German sub-basin. Core samples
from former oil and gas exploration wells were analyzed for porosity, permeability,
TOC, thermal maturity, and bulk and mineralogical composition. In combination
with petrographic assessment the results were used to characterize patterns and
trends in depositional and diagenetic reactions and to examine the extent to which
primary depositional controls on reservoir quality are discernible in the later stages
of diagenesis. Heterogeneity in this sample set is manifold and gets more apparent
from combined petrographic and geochemical analysis than is evident from visual
inspection. The sample set displays signiﬁcant variations in the proportions of
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detritus-derived extrabasinal and intrabasinal sources, variations manifested in both
clay-size and silt-size fractions. Organic matter, observed in form of particulate
material of terrestrial and marine origin neither displays intragranular pores in
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) and only
isolated in two samples of the “Kohlenkalk” Formation (Carboniferous Limestone). In
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation), textural
controls (grain size, sorting) on the rock properties related to reservoir quality are
essentially nonexistent. The chemical reactivity of the primary grain assemblage
was a major factor in textural and compositional reorganization of the rocks.
The profound loss of intergranular pore spaces through combined compaction
and cementation resulted in a substantial decline of reservoir quality and is, in
combination with other unfavorable reservoir parameters (high present-day burial
depths, low TOC, high maturity, Table 4.2), the limiting factor for the shale gas
prospectivity in these sediments. In the “Kohlenkalk” Formation (Carboniferous
Limestone) however, the diagenetic overprint is not as extensive, resulting in more
favorable reservoir quality parameters (TOC up to 7%, porosity up to 12%). Yet, in
the favorable skeletal argillaceous to calcareous lime mud- to wackestone (marl) and
skeletal argillaceous mudstones, clay-size microcrystalline quartz, although observed
(Fig. 4.7f), is only scarce. This results in soft units that additionally are only thin
and immature over large parts of the sampled intervals. Furthermore, porosity and
permeability values may be exaggerated due to post-coring alterations. Therefore,
a shale gas potential of the “Kohlenkalk”-sediments in the investigated area does
exists, yet a regional or vertical diﬀerentiation cannot be made.
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5.1. Summary
In the course of this study, classical sedimentological and petrographical techniques
as well as methods from the geochemical domain were integrated to unravel an
initial shale gas potential of ﬁne-grained Lower and Early Upper Carboniferous
sediments in the North German Basin. The observations that span from the regional
to nanometer-size scale, facilitate a discussion about potential shale gas occurrences
and the governing processes that inﬂuenced the generation and distribution of gas
in these sediments.
5.1.1. Baseline Parameters in Comparison with U.S. Shale
Gas Systems
For the discovery and contextualization of an initial shale gas potential in ﬁne-
grained Lower and Early Upper Carboniferous sediments of the North German
basin, the current knowledge about the investigated region, known source rock
characteristics, and facies distributions was compiled from the literature and analog
well reports. In addition, established baseline parameters from productive U.S.
shale gas resource systems have been collected. The compiled data basis was then
integrated with new laboratory measurements to enable a substantiated comparison
of the investigated sediments with productive U.S. shale gas systems and a ﬁrst
assessment of the shale gas potential. Based on the data collected, the black mudrock
horizons of the Culm-facies encountered in Dutch and German boreholes as well as
the Rhenish Slate and Harz Mountains as well as the “Altmark–North-Brandenburg
Culm” (Synorogenic Flysch Formation) and the Lower Carboniferous “Kohlenkalk”
Formation (Carboniferous Limestone) encountered in the Rügen and the Aachen
area/Rhenish Slate Mountains bear strong lithological and geochemical similarities
with numerous productive unconventional gas plays in the U.S..
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The Culm sediments investigated in this study often attained thicknesses that
exceed those reported from the Barnett Shale of the Fort Worth Basin in Texas. Yet,
the horizons with favorable TOC contents (up to 7%) contained in these successions,
i.e., the Lower Alum Shale – “Liegende Alaunschiefer” and the Upper Alum Shale
– “Hangende Alaunschiefer”, are usually less thick (5–50m). Both, the Lower and
Upper Alum Shales are dominated by mixed Type II+ III kerogen and with high
TOC contents, these parameters strongly resemble those reported from the Barnett
Shale. The emplacement and expulsion of Permian in- and extrusives in the region
however, often accounts for unfavorably high present-day maturities (> 4%VRr)
in these sediments. Due to rapid subsidence in the central parts of the North
German Basin these sediments experienced an early phase of thermogenic methane
generation at the end of the Carboniferous. This phase most likely terminated the
hydrocarbon generation potential by exhaustion as retraced by the results from
RockEval and open pyrolysis gas chromatography. In addition, Permian volcanism,
uplift and erosion of Upper Carboniferous rocks may have attributed to an early
termination of the hydrocarbon generation potential and an early loss of signiﬁcant
amounts of hydrocarbons. Despite the similarity of the experimental results with
parameters from the economically successful Barnett Shale, the deep burial, very
high present-day maturities, and insuﬃcient thicknesses in large areas limit the
economic prospectivity for the sediments of the Lower and Upper Alum Shale in
the investigated areas of the North German Basin.
The late Carboniferous uplift may have also attributed to a partial loss of early
generated methane in the sediments of “Altmark–North-Brandenburg Culm” (Syn-
orogenic Flysch Formation). Yet in this area, the hydrocarbon generation peaked
not until the Early Triassic–Late Cretaceous when it was terminated by the latest
Cretaceous inversion. The sediments of the “Altmark–North-Brandenburg Culm”
(Synorogenic Flysch Formation) encompass intercalated mud-, silt-, and sandstone
successions of turbiditic origin and bear strong resemblance with the sediments
of the Lewis Total Petroleum System (TPS) of the Washakie, Great Divide, and
Sand Wash Basins in Wyoming and Colorado that have been deposited in a sim-
ilar foreland depositional environment. The Lewis TPS is interpreted to contain
both continuous and conventional hydrocarbon accumulations with hydrocarbons
being sourced from organic-rich mudrocks and stored in turbidite-derived sand- and
siltstones (Law, 2002; Hettinger and Roberts, 2005). A similar situation has been
reported from the sediments of the “Altmark–North-Brandenburg Culm” (Synoro-
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genic Flysch Formation) were methane-rich gas shows had been encountered in silt-
and sandstones of well Oranienburg 1/68 (Striegler, 1970). In addition, comparable
and favorable present-day maturities (up to 3.5%VRr), TOC contents (up to 3%),
kerogen Type composition (Type III dominated) and a favorable geochemical and
sedimentological composition for hydraulic stimulation allow the assupmtion that
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) may con-
stitute a good potential for a direct basin-centered or hybrid gas accumulation in
areas where the succession is less deeply buried. However, lateral variations in the
nitrogen content may strongly inﬂuence this potential on a regional scale.
No known commercially productive shale gas system in the U.S. can yet be
compared to the sediments of the Lower Carboniferous “Kohlenkalk” Formation
(Carboniferous Limestone) encountered in the Rügen and the Aachen area/Rhenish
Slate Mountains. However, sedimentological and lithological comparable successions
of the Conasauga Shale in the Appalachian Thrust belt and the Pearsall Formation
of the Maverick Basin in south Texas are currently under heavy exploration. The
“Kohlenkalk” Formation (Carboniferous Limestone) in the Aachen area and the
Rhenish Slate Mountains are characterized by favorable TOC contents (up to 7%),
yet maturity is very high (> 4%VRr). This overmaturity is due to the inﬂuence of
underlying magmatic intrusions and the strong inﬂuence of the Variscan orogeny
that also aﬀected the Lower and Upper Alum Shales in this region. Albeit high
TOC contents and a favorable kerogen type in the interbedded mudstones, the
occurrence of gaseous hydrocarbons and hence a shale gas potential is unlikely in
the area investigated. In the Rügen area however, TOC contents of up to 7% as well
as a favorable maturities (up to 1.8%VRr) of a mixed Type II+ III kerogen were
observed in black clay-rich mudstones. This assumption can be further corroborated
by sedimentological similarities observed in the Conasauga Shale and the Pearsall
Formation. However, the sediments of the “Kohlenkalk” Formation (Carboniferous
Limestone) in the Rügen area have not yet been found to be gas ﬁlled, although
minor amounts of liquid and gaseous hydrocarbons were encountered in boreholes
(e.g., well Sagard 1/70; Schwahn, 1972). Methane generation in these sediments
also started during the Late Carboniferous and prevails until present times in areas
unaﬀected by Permian magmatic activity. Therefore, this allows the attribution of
a shale gas potential to these sediments in areas unaﬀected by volcanic activity.
The focus of this ﬁrst part of the study was centered on ﬁne-grained Lower and
Early-Upper Carboniferous sediments in the entire North German Basin, yet the
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the evaluation of baseline parameters and the comparison with characteristics from
productive shale gas systems in the U.S. led to a limitation on those Carboniferous
successions that revealed the highest shale gas potential to this point. Therefore,
the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation) and the
“Kohlenkalk” Formation (Carboniferous Limestone) of the NE German sub-basin
have been subject to further investigations throughout the rest of the study.
5.1.2. Controls of Gas Occurrences
An organic-rich marine shale that reached the gas generation window is a prereq-
uisite for a producible natural gas shale resource system. Thus the source rock
characteristics of ﬁne-grained Lower and Early Upper Carboniferous sediments in
the NE German sub-basin have been further analyzed and related to the depositional
environment and internal structures of the investigated mudstones.
On the basis of investigated sedimentary structures, lithofacies, organic petrog-
raphy, and comparisons with regional sedimentological and tectonic features, the
sediments of the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Forma-
tion) are interpreted as having formed in a deep marine siliciclastic slope to basinal
setting. This interpretation is consistent with reported observations from the litera-
ture (Hoth, 1997; Jäger, 1999; Kornpihl, 2005; Franke, 2006). The main depositional
processes included debris ﬂows and high-density turbidity currents on the proximal
slope (sand–mud interbedded lithofacies) and medium-density turbidity currents
along the slope–basin transition (mud–silt interbedded lithofacies). The distribution
of a source potential within these sediments is inﬂuenced by the distribution of silt-
and sand-bearing intervals and mudrock diagenesis. TOC content is higher in the
ﬁne-grained mudrocks and deep burial along with high compaction resulted in a
great overall loss of porosity. However, higher porosities remained in the intercalated
silt- and sandstones beds that are organic-lean but yet are hosts to gas occurrences
with 70–99 vol.% methane (Striegler, 1970; Berger, 1971; Hartmann, 1974; Berger,
1986). Gas charging was reported to have been sourced from the intercalated black
mudrocks. With the combination of favorable kerogen types and mineralogical
compositions, as well as maturities in the dry-gas window, the assumption that
sediments similar to the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation), yet at shallower burial depths (< 5000m) may constitute a potential
target for a direct basin-centered or hybrid gas accumulation is further corroborated.
Ladage et al. (2016) attribute a shale gas potential to comparable sediments in the
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Lower Saxony area. Further to the west, the Upper Alum Shale equivalent Greverik
Member in the Netherlands displays even more favorable maturity and burial depth
(EIA/ARI, 2013).
The sediments of the “Kohlenkalk” Formation (Carboniferous Limestone) on the
other hand are most appropriately interpreted as having formed on an extensive
deep-water carbonate shelf in a clear water environment. The main depositional
processes included authigenic lime mud formation, suspension and settling of terrige-
nous particles, as well as carbonate debris ﬂows and/or turbidity currents composed
of allochtonous fossils and fossil remnants. The carbonate shelf environment was
repeatedly subject to global, eustatic induced transgressions and regressions accom-
panied with respective shallowing-upward cycles (Hoﬀmann et al., 2006; McCann,
2008). In addition, sedimentation was inﬂuenced by recurrent water-column stratiﬁ-
cation that led to the formation of organic-rich intervals. Due to these depositional
processes, the distribution of a source rock potential in the “Kohlenkalk” Formation
(Carboniferous Limestone) is a function of the distribution of carbonate- and clay-
bearing intervals. TOC contents are highest in clay-rich mudstone that dominate
the middle part of the Carboniferous succession on the island of Rügen. Porosity in
these intervals is also higher than in intervals with elevated carbonate content. Yet,
overall porosity values in these sediments are not entirely precise due to post-coring
alterations and should be viewed with caution. The combination with favorable
TOC contents, kerogen type, and maturities in the transition of the oil and dry-gas
window reported in the ﬁrst part of the investigation, underpin the assumption,
that the sediments of the “Kohlenkalk” Formation (Carboniferous Limestone) may
constitute a moderate shale gas potential. This assumption is further supported
by recently published results of Ladage et al. (2016). However, low maturity in
the upper part of the succession and overall high clay content of the relatively thin
organic-rich mudrock layers may limit the economic gas prospectivity. An assumed
oil shale potential, however, could not be veriﬁed and is unlikely due to insuﬃcient
amounts of light oil present in these sediments (Schwahn, 1972).
5.1.3. Diagenetic Overprint and the Eﬀect on Reservoir
Quality
Shale gas resource systems vary considerably in terms of lithologic characteristics
and transferring expertise gained in one system to the other has proven to be
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an elusive task. When trying to draw connections one must begin with a clear
understanding of the fundamental character of the rocks themselves, the components
from which they are built, and the ways in which variations in these components
aﬀect rock properties of importance to reservoir quality.
When combining the results of the initial shale gas assessment conducted in
the ﬁrst two parts of this study and the comparison with U.S. shale gas system
parameters with detailed petrographic and petrophysical measurements, it becomes
apparent that heterogeneity in the investigated sample set is manifold. It seems,
that variations too small to be resolved by the methodology applied can make a
diﬀerence in serving as important discriminators for separating lithologic variations
of signiﬁcance for understanding reservoir quality. The textural and compositional
mixing system that creates variations in the samples remains complex and diﬃcult
to discern with neither petrography nor bulk analysis being suﬃcient to conﬁdently
decipher the lithologic variations that correlate to porosity, permeability, and TOC.
The diﬃculty of correlating composition and texture arises because the sample set
represents a multi-component mixing system.
The complexity of controls on shale gas reservoir quality have been emphasized by
a number of authors (Jacobi et al., 2008; Ross and Bustin, 2008; Cameron and Walles,
2009; Valko, 2009; Sondergeld et al., 2010; Walles, 2010) that in turn motivated large-
scale assessment approaches that often incorporate correlation matrices with large
numbers of rock properties. Thermal maturity, which is readily predictable from
basin history modeling, is widely recognized as a key parameter for predicting gas
shale generation (Jarvie et al., 2007; Kusskraa and Stevens, 2009). Other commonly
cited elements favoring shale gas formation include a favorable combination of
high TOC and brittle rock behavior related to slow rates of biosiliceous sediment
accumulation in marine regions remote from extrabasinal siliciclastic inﬂux (Loucks
and Ruppel, 2007; Ross and Bustin, 2008; Kusskraa and Stevens, 2009). Neither of
these favorable combinations have been observed in the sample set investigated in
this study.
The investigated sample set displays signiﬁcant variations in the proportions
of detritus-derived extrabasinal and intrabasinal sources, variations manifested in
both clay-size and silt-size fractions. Organic matter neither displays intragranular
pores in the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation)
and only isolated in two samples of the “Kohlenkalk” Formation (Carboniferous
Limestone).
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In the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch Formation),
textural controls on the rock properties related to reservoir quality are essentially
nonexistent. The chemical reactivity of the primary grain assemblage was a major
factor in textural and compositional reorganization of the rocks, even in coarser-
grained units that have preserved somewhat higher porosity values. The profound
loss of porosity through combined compaction and cementation resulted in a substan-
tial decline of overall reservoir quality. Thermal maturities reached favorable levels,
yet high rates of extrabasinal siliciclastic inﬂux strongly diluted more distal sediment
accumulations and TOC contents therefore remain low. In combination with high
burial depths (< 5,000m) this further underpins the limitations for unconventional
gas occurrences in the sediments of the investigated area.
In the “Kohlenkalk” Formation (Carboniferous Limestone) however, TOC, thermal
maturity, and porosity (although exaggerated by post-coring alterations) are more
favorable than in the “Altmark–North-Brandenburg Culm” (Synorogenic Flysch
Formation). Yet, the carbonate content adds substantial noise to the compositional
data. When the sample set is normalized to silica it becomes obvious that the silt-
grain content is much higher than the observed quartz content and predominantly
consist of allochtonous fossils and fossil remnants. This is expressed in the ductile
nature of these samples and indicates only minor diagenetic biosiliceous inﬂuence.
In addition, favorable source rock horizons are only thin and measured porosity
values indicating favorable reservoir conditions may be exaggerated due to post-
coring alterations. Based on the observed parameters, the shale gas potential of the
“Kohlenkalk”-sediments in the studied area has to be assessed more moderately than
indicated by previous observations, yet a regional or vertical diﬀerentiation cannot
be made at this point of the investigation.
5.2. Outlook
With the increase of exploration in North America, Europe, and Asia, the research
in the reservoir characteristics and the hydrocarbon accumulation mechanisms of
shale gas has achieved extraordinary progress. However, many questions remain
unanswered, even in highly productive reservoir systems and transferring established
knowledge from one system to another remains challenging. With new GIP estimates
of the BGR attributing 3.1–13.9Bcm of shale gas to sediments in depths between
1,000–5,000m of which ∼ 40% are assigned to carbonaceous mudrocks of the Lower
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Carboniferous (Ladage et al., 2016), the sediments characterized in this study
are worth to be investigated further to elaborate if and which of the strata can
potentially be produced. As the rock characterization presented in this study
included the lithofacies identiﬁcation from core based on fabric and mineralogic
analyses, scanning electron microscopy to identify nanofabric and microfabric as
well as porosity distributions, and geochemical analysis for source rock potential,
it can only serve as a starting point towards the understanding of the shale gas
potential. Recent studies (Bohacs and Schwalbach, 1992; Bohacs, 1998b; MacQuaker
et al., 1998; Schutter, 1998; Almon et al., 2002; Paxton et al., 2006; Loucks and
Ruppel, 2007; Singh, 2008; Mazzullo et al., 2002; Slatt et al., 2012) demonstrated
that well-established sequence-stratigraphic principles can be applied to ﬁll critical
gaps in the knowledge of the stratigraphic variability of mudrocks. Therefore, more
detailed investigations and further validations for the carbonaceous mudrocks of the
Lower Carboniferous are needed and could include:
• The rock characterization should be appended by the measurement of geome-
chanical properties as the visualization of small-scale mudrock properties is
not suﬃcient for a mechanically characterization. Dedicated measurements of
applied force and displacement are required to quantify shale proportions. To
obtain information about the material hardness (strength) and elastic modulus
(stiﬀness) that directly aﬀect wellbore stability and hydraulic fracturing, the
measurement of Young‘s module (E) and Poisson‘s ration (v) are indispensable.
• For determining lithofacies and their properties in uncored sections of wells,
well-logs that are available for many wells in the North German Basin, can
be used and their properties can be correlated to core characteristics. To
avoid adding uncertainty when attempting to relate geologic observations and
laboratory-derived petrophysical properties to well-log derived properties it is
imperative to accurately determine core-to-log corrections. Gamma-ray logs
often do not have the resolving power for detecting thin-bedded lithofacies and
details of stratiﬁcation may be overlooked. However, suﬃcient contrast often
exists in mineral composition and TOC content of the lithofacies to inﬂuence
gamma-ray log response. For relating geomechanical properties measured on
mudrock samples to well-log response, neutron and density porosity logs can be
correlated to core. Once a good match between log and core depths is obtained,
it is possible to relate subtle stratigraphic variation in log character to diﬀerent
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variations in lithofacies stacking patterns and with that the lithostratigraphy
of uncored well-sections can be (sub)regionally correlated and mapped. The
ﬁnal integration of measured rock properties and well-log correlations provides
the means to reﬁne the interpretation of the origin and depositional history of
the mudrock strata under investigation.
• Seismic reﬂection analysis allows the extension of the stratigraphic analysis to
deeper horizons by establishing relations between existing wells and seismic
reﬂection data. Integrating these relations with data sets for stratigraphic
properties allows the construction of a three-dimensional model of the area
of interest. Once constructed, various compositional, petrophysical, and/or
geomechanical properties of lithofacies and/or gamma-ray responses can be
added to the 3D model for purposes of selecting the most suitable stratigraphic
intervals for horizontal drilling.
Despite the positive outlook on shale gas prospectivity, it has to be taken into
account that Germany will remain to satisfy its future demand for natural gas by
foreign imports. The potential of utilizing shale gas resources will mainly serve to
absorb the decline of domestic conventional gas production and hence somewhat
dampen the dependence on imports. Furthermore, Germany is only at the beginning
of exploring these unconventional resources as expressed by the large range of GIP
estimates and what amount of the resources can be converted to reserves remains
unclear. Apart from open political, societal, and environmental questions, the
exploitation of shale gas resources in Germany will not be technically realizable in
the short-term. Rather, the development of resources will take decades and with
that could contribute in the medium-term as maintaining gas extraction in Germany
will be a future challenge.
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List of Abbreviations
API American Petroleum Institute
APT Applied Petroleum Technolgies
AsB Angle selective Backscattered Electron
Bcf billion cubic feet
Bcm billion cubic meter
BGR Federal Institute for Geosciences and Natural Resources (Bundesanstalt
für Geowissenschaften)
BMBF German Ministry of Education and Research (Bundesministerium für
Bildung und Forschung)
BSE Backscatter Electron
CEBS Central European Basin
CIS Commonwealth of Independent States
D Darcy, unit of permeability (d = m2)
EEC East European Craton
FE-SEM Field Emmission Secondary Electron Microscope
FID Flame Ionization Detector
GD-NRW Federal Geological Surveys of Nordrhein-Westfalen (Geologischer Dienst
Nordrhein Westfalen)
GDR German Democratic Republic
GIP Gas-In-Place
HI Hydrogen Index = 100×S2TOC (
mg HC
g TOC )
HIo original Hydrogen Index (mg HCg TOC )
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InLens in-column SE detector
IP initial production
IR infrared
km kilometer
LAGB Federal Geological Survey of Sachsen-Anhalt (Landesamt für Geologie
und Bergwesen Sachsen-Anhalt)
LBGR Federal Geological Survey of Brandenburg (Landesamt für Bergbau,
Geowissenschaften und Rohstoﬀe Brandenburg)
LUNG Federal Geological Survey of Mecklenburg-Vorpommern (Landesamt für
Umwelt, Naturschutz und Geologie Mecklenburg-Vorpommern)
M Mol, unit for the amount of substance
Ma million years
MCB Mid-Carboniferous Boundary
MIP Mercury Intrusion Porosimetry
μD microDarcy (1md = 9.86923× 10−16m2 ≈ 10−15m2)
μm micrometer
MPa Mega Pascal, unit of pressure
MSSV Micro Scaled Sealed Vessel
nD nanoDarcy (1nd = 9.86923× 10−19m2 ≈ 10−18m2)
nm nanometer
NGB North German Basin
NWECB Northwest European Carboniferous Basin
OECD Organisation for Economic Co-operation and Development
OI Oxygen Index = 100×S3TOC (
mgCO2
g TOC )
OIo Oxygen Index original (mgCO2g TOC )
OIP Oil-In-Place
OPEC Organization of the Petroleum Exporting Countries
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OSI Oil Saruration Index = 100×S1TOC
PI production index PI = S1S1+S2 (wt ratio)
PSD Position Sensitive Detector
SE Secondary Electron
SEM Secondary Electron Microscope
sec. secundum, in the sense of
s.l. sensu lato, in the broader sense
So Oil Saturation = volume occupied by oilvolume of pores
STTZ Sorgenfrei-Teisseyre-Tornquist Zone
S1 amount of volatalized hydrocarbons (mg HCg rock )
S2 amount of hydrocarbons during RockEval pyrolysis (mg HCg rock )
S3 amount of CO2 during RockEval pyrolysis (mgCO2g rock )
TOC total organic carbon (wt.%)
TOCo total organic carbon original (wt.%)
TOCpd total organic carbon present-day (wt.%)
Tmax temperature at which the maximum rate of hydrocarbon generation
occurs in a kerogen sample during RockEval pyrolysis (◦ C)
TNO Netherlands Organization for Applied Scientiﬁc Research (Nederlandse
Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek)
TPS Total Petroleum System
U.S. United States
VRr vitrinite reﬂectance, random orientation (%)
wt.% weight-%
XRD X-ray diﬀraction
Ø Porosity (%)
3D three dimensional
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Table A.3.: ThermoVap and open-system pyrolysis gas chromatography data.
ThermoVap open Pyrolysis
Sample
Name
C1 − C5 (%) C6−C14 (%) C15+ (%) C1 − C5 (%) C6−C14 (%) C15+ (%)
Pröt 1/1 97.4 2.6
Pröt 1/2 100.0
Pröt 1/3 98.3 1.7
Pröt 1/4 90.8 9.2
Ela 1/1 99.4 0.6
Ela 1/2 99.2 0.8
Ela 1/3 99.0 1.0
Ela 1/4 99.3 0.7
Or 1/3 96.4 3.6
Or 1/6 94.0 6.0
Or 1/8 96.5 3.5
Or 1/13 100.0 100.0
Or 1/15 100.0 100.0
An 1/1 100.0 100.0
An 1/3 100.0 100.0
An 1/4 100.0 100.0
Zeh 2/1 100.0 100.0
Zeh 2/2 100.0 100.0
Zeh 2/4 100.0 100.0
Zeh 2/9 100.0 100.0
Peck 7/1 58.1 24.7 17.1 86.0 13.6 0.4
Peck 7/2 46.4 29.1 24.5 87.9 10.4 1.8
Peck 7/3 55.4 27.9 16.7 85.1 13.2 1.7
Peck 7/5 67.9 21.9 10.2 93.0 5.5 1.5
Peck 7/6 56.9 38.1 5.0 92.6 7.3 0.2
Peck 7/7 97.6 2.4 93.3 6.6 0.1
Peck 7/8 76.2 17.7 6.1 87.1 11.2 1.8
Peck 7/10 61.0 22.0 17.0 91.9 7.2 0.9
Peck 7/12 84.8 12.9 2.3 95.3 4.5 0.1
Peck 7/13 67.0 24.2 8.8 91.9 7.5 0.7
Peck 7/14 88.1 10.5 1.4
Sagd 1/1 42.8 31.1 26.1 75.9 19.3 4.8
Sagd 1/2 51.9 20.9 27.2
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ThermoVap open Pyrolysis
Sample
Name
C1 − C5 (%) C6−C14 (%) C15+ (%) C1 − C5 (%) C6−C14 (%) C15+ (%)
Sagd 1/3 42.5 47.3 10.2 75.7 18.8 5.5
Sagd 1/4 33.8 39.9 26.3 73.8 19.5 6.7
Sagd 1/6 28.7 51.8 19.5 80.0 12.9 7.1
Sagd 1/8 34.3 47.7 18.0 69.8 21.4 8.9
Sagd 1/10 29.6 53.1 17.3 66.8 23.7 9.5
Sagd 1/11 47.5 37.4 15.1 82.2 16.1 1.7
Sagd 1/14 53.7 39.5 6.8 83.9 14.8 1.3
Sagd 1/17 42.0 50.6 7.4
Sagd 1/19 11.7 66.1 22.2 71.9 19.6 8.5
Sagd 1/21 13.7 59.6 26.7 70.7 19.9 9.4
Sagd 1/25
Sagd 1/27 94.3 4.3 1.4 76.5 18.7 4.8
Sagd 1/28 69.3 30.7 0.0 99.4 0.6
Rn 2/1 43.2 53.2 3.6 80.3 18.0 1.7
Rn 2/3 50.5 46.9 2.6 82.0 16.4 1.6
Rn 2/6 53.9 45.1 1.0 80.2 17.2 2.5
Rn 2/7 42.2 27.6 30.2 78.6 18.3 3.1
Rn 2/8 46.3 50.5 3.2 78.8 18.2 3.0
Rn 2/9 47.0 49.2 3.8 79.0 18.3 2.7
Rn 2/11 21.5 72.9 5.7 80.9 15.8 3.3
Rn 2/13 19.8 72.1 8.1 83.7 14.7 1.5
Rn 2/14 41.8 55.5 2.8 94.3 5.0 0.7
Rn 2/19 87.3 11.6 1.1
Rn 2/22 26.1 72.3 1.5 88.4 11.2 0.5
Rn 2/25 15.7 77.0 7.3 86.2 12.9 0.9
Rn 2/28 16.8 71.3 11.9 85.6 13.8 0.6
Rn 2/29 38.1 59.8 2.0 92.8 7.2
Rn 2/30 20.5 76.2 3.3 91.6 8.3 0.1
Rn 2/31 93.8 4.3 1.8
Rn 2/32 45.6 52.7 1.7 96.5 3.5
Rn 2/33 66.7 33.3 0.0 96.4 3.6
Pud 1/2 100.0
Pud 1/4 97.5 2.5
Pud 1/6 100.0
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ThermoVap open Pyrolysis
Sample
Name
C1 − C5 (%) C6−C14 (%) C15+ (%) C1 − C5 (%) C6−C14 (%) C15+ (%)
Pud 1/7a 100.0
Pud 1/8 100.0
Pud 1/10 100.0 100.0
Pud 1/11 98.4 1.6 100.0
Pud 1/12 100.0
Pud 1/13 100.0 100.0
Pud 1/15 100.0 100.0
Pud 1/16 94.5 5.5 97.2 2.8
Pud 1/18 100.0 100.0
Pud 1/23 99.2 0.8 98.6 1.4
Pud 1/25 100.0
Ba 1/3 98.8 1.2 97.9 2.1
Ba 1/5 97.7 2.3 96.6 3.4
Ba 1/6 100.0 99.2 0.8
Ba 1/10 100.0
Ba 1/12 100.0 100.0
Ba 1/14 100.0 100.0
Ba 1/17 100.0 100.0
Ba 1/20 100.0 100.0
Ba 1/23 100.0 100.0
Ba 1/26 98.7 1.3 96.2 3.8
S1001/2 94.3 5.7 96.1 3.9
S1001/4 96.2 3.8 95.9 4.1
S1001/8 96.1 3.9 96.8 3.2
S1001/11 98.4 1.6
S1001/14
S1001/15 97.4 2.6 100.0
S1001/16 92.8 7.2 95.9 4.1
S1001/17 99.4 0.6 97.6 2.4
S1001/20 86.1 13.9 98.4 1.6
S1001/22 51.1 45.5 3.4 94.1 5.9
S1001/23 81.2 18.8 96.7 3.3
S1001/25 98.3 1.7 98.7 1.3
S1001/27 97.8 2.2 95.6 4.4
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ThermoVap open Pyrolysis
Sample
Name
C1 − C5 (%) C6−C14 (%) C15+ (%) C1 − C5 (%) C6−C14 (%) C15+ (%)
S1001/29 75.8 24.2 95.0 5.0
WSK-1/1 5.5 90.6 3.9 48.3 46.7 5.1
WSK-1/4 99.2 0.8 94.0 6.0
WSK-1/7 96.0 4.0 80.8 18.8 0.4
WSK-1/10 100.0 90.2 9.7 0.2
WSK-1/12 99.5 0.5 96.7 3.3
WSK-1/17 80.4 18.3 1.3 92.2 7.8
WSK-1/19 79.2 15.1 5.7
EMO-1/1 2.3 58.1 39.7 63.4 28.4 8.2
EMO-1/3 95.0 4.5 0.5
EMO-1/4 7.7 67.4 24.9 92.6 7.4
EMO-1/6 6.9 82.8 10.3 90.9 8.8 0.3
EMO-1/7 8.9 80.0 11.1 93.5 6.3 0.2
EMO-1/9 22.0 67.3 10.8 96.8 3.2
EMO-1/10 99.0 1.0 96.2 3.8
EMO-1/11 11.6 69.1 19.4 95.1 4.9
Söse/1 73.0 27.0 98.8 1.2
LF/1 86.2 13.8 94.3 3.6 2.1
LF/2 100.0 92.3 7.7
Esel/1 100.0 99.2 0.8
Esel/2 97.3 2.7
Esel/3 28.2 54.3 17.5 84.6 13.2 2.2
Grau/1 96.3 3.7 93.8 6.2
Grau/2 74.7 15.9 9.4 98.4 1.5 0.1
B1a/1 88.4 11.6
B1a/2 100.0 100.0
B1a/3 98.6 1.4 96.6 3.4
B1a/4 100.0 89.6 6.6 3.7
T/1 98.3 1.7 98.6 1.4
T/2 86.9 13.1 91.8 8.2
KW/1 100.0 100.0
KW/2
Luchs/1 96.7 3.3 98.5 1.5
Luchs/2 55.9 32.1 12.0 95.9 2.6 1.5
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ThermoVap open Pyrolysis
Sample
Name
C1 − C5 (%) C6−C14 (%) C15+ (%) C1 − C5 (%) C6−C14 (%) C15+ (%)
LW/1 97.8 2.2 98.9 1.1
LW/2 100.0 98.6 1.4
LW/3 100.0 100.0
Gr.Tr.B./1 100.0 100.0
Gr.Tr.B./2 99.1 0.9 98.8 1.2
Drewer/1 69.3 24.1 6.6 74.6 20.4 4.9
Drewer/2 96.7 3.3 71.2 19.7 9.2
Drewer/3 66.7 16.8 16.5 69.4 21.6 9.0
Drewer/4 93.2 6.8 66.5 23.8 9.7
Drewer/5 98.2 1.8 78.9 14.8 6.3
Drewer/6 100.0 88.1 7.6 4.3
IDD/1 100.0
IDD/2 71.8 17.8 10.5 79.2 18.9 2.0
IDD/3 37.1 38.2 24.7 98.4 1.6
IDD/4 97.3 2.7 79.1 14.8 6.1
Kohleiche/1 31.6 53.1 15.3 62.7 29.4 7.9
Kohleiche/2 100.0 71.4 20.1 8.5
Kohleiche/3 100.0 88.6 6.7 4.7
Steinberg/1 93.1 6.9 66.0 22.2 11.9
Steinberg/2 100.0 88.3 6.7 5.0
Till/1 100.0 95.5 3.6 0.9
Till/2 63.3 25.7 11.0 88.7 6.0 5.3
Till/3 97.2 2.8 95.8 2.6 1.7
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Table A.5.: Hg-injection porosimetry data.
Sample
Name
Total cummu-
lative volume
(mm3/g)
Total speciﬁc
surface area
(m2/g)
Average
pore radius
(nm)
Total
porosity
(%)
Bulk
density
(g/cm3)
Apparent den-
sity (g/cm3)
Pröt 1/1 10.229 0.801 12.849 2.811 2.748 2.828
Pröt 1/2 1.156 0.030 3.369 0.330 2.852 2.862
Pröt 1/3 1.980 0.083 12.854 0.599 3.024 3.043
Pröt 1/4 2.291 0.123 15.575 0.651 2.841 2.859
Ela 1/1 2.059 0.034 12.862 0.575 2.794 2.810
Ela 1/2 0.906 0.090 2.292 0.249 2.743 2.750
Ela 1/3 1.695 0.082 5.955 0.479 2.828 2.841
Ela 1/4 1.273 0.098 3.349 0.361 2.832 2.842
Or 1/3
Or 1/6 2.399 0.331 12.851 0.663 2.764 2.782
Or 1/8 1.830 0.005 23.470 0.502 2.741 2.755
Or 1/13 11.521 0.032 3.846 2.926 2.540 2.616
Or 1/15 7.086 0.111 3.351 1.927 2.719 2.772
An 1/1 6.474 1.469 4.079 1.695 2.619 2.664
An 1/3 2.592 0.100 8.756 0.715 2.760 2.779
An 1/4 4.019 0.693 2.774 1.084 2.699 2.728
Zeh 2/1 3.646 0.450 6.929 0.953 2.615 2.640
Zeh 2/2 3.270 0.373 8.758 0.894 2.735 2.759
Zeh 2/4
Zeh 2/9 1.117 0.045 18.833 0.307 2.746 2.754
Peck 7/1 1.438 0.106 10.607 0.387 2.687 2.697
Peck 7/2 1.502 0.057 10.594 0.412 2.744 2.755
Peck 7/3 2.010 0.019 22.838 0.547 2.722 2.737
Peck 7/5 1.362 0.004 7.237 0.373 2.742 2.753
Peck 7/6 1.211 0.033 8.761 0.333 2.747 2.757
Peck 7/7 5.714 0.178 12.793 1.555 2.722 2.765
Peck 7/8 3.295 0.154 22.272 0.888 2.696 2.720
Peck 7/10 7.655 0.292 3.367 2.035 2.659 2.714
Peck 7/12 1.529 0.081 3.373 0.417 2.730 2.741
Peck 7/13 2.357 0.224 7.229 0.641 2.718 2.736
Peck 7/14 2.036 0.067 33.561 0.548 2.694 2.709
Sagd 1/1 37.754 3.455 3.342 9.099 2.410 2.651
Sagd 1/2 17.155 1.504 11.202 4.226 2.464 2.572
Sagd 1/3 27.346 3.897 3.348 6.748 2.468 2.646
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Sample
Name
Total cummu-
lative volume
(mm3/g)
Total speciﬁc
surface area
(m2/g)
Average
pore radius
(nm)
Total
porosity
(%)
Bulk
density
(g/cm3)
Apparent den-
sity (g/cm3)
Sagd 1/4 22.167 2.201 3.322 5.599 2.526 2.676
Sagd 1/6 27.143 3.449 4.059 6.152 2.267 2.415
Sagd 1/8 34.485 2.415 22.828 7.937 2.302 2.500
Sagd 1/10 11.210 1.904 4.064 2.827 2.522 2.595
Sagd 1/11 33.332 3.236 33.508 8.288 2.487 2.711
Sagd 1/14 44.538 2.807 18.842 9.925 2.228 2.474
Sagd 1/17 35.955 1.766 15.293 8.084 2.248 2.446
Sagd 1/19 8.050 1.127 18.835 2.024 2.515 2.567
Sagd 1/21 10.922 1.134 4.063 2.828 2.589 2.664
Sagd 1/25 11.220 2.232 4.061 2.876 2.563 2.639
Sagd 1/27 11.578 0.214 3.124 2.949 2.547 2.625
Sagd 1/28 6.155 1.029 4.092 1.629 2.646 2.690
Rn 2/1 50.078 4.649 8.773 11.956 2.388 2.712
Rn 2/3 21.678 0.753 3.098 5.395 2.489 2.630
Rn 2/6 24.899 3.304 8.662 6.342 2.547 2.720
Rn 2/7 18.049 2.943 7.215 4.500 2.493 2.610
Rn 2/8 25.173 3.736 4.071 6.157 2.446 2.606
Rn 2/9 24.030 3.593 4.203 6.142 2.556 2.723
Rn 2/11 23.199 2.681 27.647 5.753 2.480 2.631
Rn 2/13 19.818 2.518 2.764 4.998 2.522 2.655
Rn 2/14 34.970 4.717 3.342 8.627 2.467 2.700
Rn 2/19 15.083 2.275 4.070 3.911 2.593 2.699
Rn 2/22 25.340 3.102 3.391 5.426 2.141 2.264
Rn 2/25 21.142 2.514 3.353 5.434 2.570 2.718
Rn 2/28 21.334 3.493 7.273 5.381 2.522 2.666
Rn 2/29 16.719 2.024 2.773 4.287 2.564 2.679
Rn 2/30 6.267 1.198 3.311 1.724 2.750 2.799
Rn 2/31 11.690 1.910 4.094 3.001 2.567 2.646
Rn 2/32 4.536 0.745 4.098 1.208 2.662 2.695
Rn 2/33
Pud 1/2 3.201 0.408 18.833 0.865 2.704 2.728
Pud 1/4 3.835 0.524 0.004 1.021 2.662 2.689
Pud 1/6 1.889 0.031 2.764 0.741 3.924 3.954
Pud 1/7a 1.316 0.341 0.004 0.355 2.694 2.703
Pud 1/8
207
Sample
Name
Total cummu-
lative volume
(mm3/g)
Total speciﬁc
surface area
(m2/g)
Average
pore radius
(nm)
Total
porosity
(%)
Bulk
density
(g/cm3)
Apparent den-
sity (g/cm3)
Pud 1/10 3.674 0.572 0.004 0.975 2.653 2.679
Pud 1/11 1.016 0.034 8.808 0.273 2.688 2.695
Pud 1/12 5.529 0.828 3.353 1.516 2.742 2.784
Pud 1/13 2.870 0.034 27.652 0.781 2.722 2.743
Pud 1/15 2.870 0.034 27.652 0.781 2.722 2.743
Pud 1/16 2.373 0.409 7.201 0.643 2.709 2.726
Pud 1/18 1.638 0.057 8.741 0.439 2.681 2.693
Pud 1/23 2.533 0.640 0.004 0.693 2.735 2.754
Pud 1/25 3.316 0.636 0.004 0.886 2.671 2.695
Ba 1/3 1.442 0.114 10.593 0.466 3.233 3.248
Ba 1/5 3.619 0.529 0.004 0.974 2.692 2.718
Ba 1/6 6.874 0.604 0.004 1.862 2.708 2.760
Ba 1/10 9.625 0.648 0.004 2.565 2.665 2.735
Ba 1/12 2.641 0.424 0.004 0.716 2.710 2.730
Ba 1/14 9.071 0.696 3.572 2.251 2.481 2.538
Ba 1/17 5.942 0.899 0.004 1.452 2.444 2.480
Ba 1/20 2.966 0.730 0.004 0.809 2.729 2.752
Ba 1/23 3.675 0.528 0.004 0.971 2.641 2.667
Ba 1/26 2.678 0.580 0.004 0.744 2.779 2.799
S1001/2 4.073 0.603 0.004 1.098 2.695 2.725
S1001/4 4.121 0.651 0.004 1.113 2.702 2.732
S1001/8 4.015 0.605 0.004 1.078 2.686 2.715
S1001/11 3.859 0.497 2.777 1.052 2.725 2.754
S1001/14 3.792 0.050 3.390 1.037 2.734 2.762
S1001/15 12.719 1.587 0.004 3.340 2.626 2.717
S1001/16 34.539 2.225 18.834 8.147 2.359 2.568
S1001/17 5.651 0.963 0.004 1.550 2.744 2.787
S1001/20 43.166 4.304 22.380 9.937 2.302 2.556
S1001/22 29.804 1.663 13.101 7.566 2.539 2.747
S1001/23 24.301 1.941 3.350 5.779 2.378 2.524
S1001/25 34.517 2.710 18.733 8.421 2.440 2.664
S1001/27 14.299 0.776 8.746 3.537 2.474 2.565
S1001/29 11.019 1.045 3.349 2.718 2.467 2.536
WSK-1/1 3.086 0.643 0.004 0.804 2.605 2.626
WSK-1/4 1.783 0.373 0.004 0.473 2.652 2.664
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Sample
Name
Total cummu-
lative volume
(mm3/g)
Total speciﬁc
surface area
(m2/g)
Average
pore radius
(nm)
Total
porosity
(%)
Bulk
density
(g/cm3)
Apparent den-
sity (g/cm3)
WSK-1/7 1.232 0.180 18.855 0.336 2.728 2.737
WSK-1/10 4.606 0.714 0.004 1.235 2.680 2.714
WSK-1/12 2.496 0.647 0.004 0.663 2.658 2.676
WSK-1/17 2.717 0.695 0.004 0.755 2.780 2.801
WSK-1/19 2.595 0.195 7.247 0.712 2.746 2.765
EMO-1/1 13.844 3.449 0.004 3.456 2.497 2.586
EMO-1/3 16.413 5.017 0.004 4.151 2.529 2.639
EMO-1/4 14.107 4.036 0.007 3.635 2.577 2.674
EMO-1/6 11.656 2.461 0.005 3.053 2.619 2.702
EMO-1/7 7.293 1.707 0.004 1.925 2.640 2.692
EMO-1/9 6.910 1.636 0.004 1.848 2.675 2.725
EMO-1/10 5.611 1.201 0.004 1.500 2.674 2.715
EMO-1/11 8.739 1.622 0.004 2.312 2.646 2.709
Söse/1 15.960 2.454 3.348 4.092 2.564 2.673
LF/1 3.732 0.344 12.851 0.973 2.608 2.634
LF/2 9.329 0.922 3.350 2.376 2.546 2.608
Esel/1 3.107 0.302 0.004 0.809 2.603 2.624
Esel/2 32.863 4.899 0.016 8.098 2.464 2.681
Esel/3 4.183 0.388 2.770 1.085 2.594 2.623
Grau/1 9.099 1.627 0.004 2.388 2.625 2.689
Grau/2 11.352 1.840 0.004 2.974 2.619 2.700
B1a/1 1.836 0.171 5.940 0.492 2.682 2.695
B1a/2 18.455 2.932 0.023 4.562 2.472 2.590
B1a/3 1.543 0.037 2.296 0.412 2.675 2.686
B1a/4 5.935 0.919 0.004 1.585 2.671 2.714
T/1 7.699 1.369 0.004 1.930 2.506 2.556
T/2 1.189 0.204 0.004 0.307 2.585 2.593
KW/1 10.893 1.206 0.004 2.893 2.656 2.735
KW/2 31.889 4.247 0.016 7.870 2.468 2.679
Luchs/1 11.224 1.986 2.764 2.816 2.509 2.582
Luchs/2 8.366 0.171 2.777 2.196 2.624 2.683
LW/1 20.313 4.312 0.004 4.966 2.445 2.573
LW/2 18.171 3.377 0.007 4.635 2.551 2.675
LW/3 30.255 2.956 0.004 7.287 2.408 2.598
Gr.Tr.B./1 27.541 2.528 0.277 7.099 2.578 2.775
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Sample
Name
Total cummu-
lative volume
(mm3/g)
Total speciﬁc
surface area
(m2/g)
Average
pore radius
(nm)
Total
porosity
(%)
Bulk
density
(g/cm3)
Apparent den-
sity (g/cm3)
Gr.Tr.B./2 43.484 8.432 0.006 10.441 2.401 2.681
Drewer/1 2.160 0.188 7.230 0.581 2.690 2.706
Drewer/2 22.192 2.313 2.765 5.501 2.479 2.623
Drewer/3 4.440 1.008 0.004 1.180 2.657 2.689
Drewer/4 1.378 0.086 12.849 0.365 2.646 2.656
Drewer/5 17.151 1.916 2.281 4.354 2.539 2.654
Drewer/6 79.891 0.726 0.580 17.593 2.202 2.672
IDD/1 3.050 0.357 2.275 0.793 2.598 2.619
IDD/2 40.614 8.320 0.007 9.622 2.369 2.621
IDD/3 21.785 2.914 0.004 5.379 2.469 2.609
IDD/4 32.236 5.180 0.009 7.946 2.465 2.678
Kohleiche/1 5.291 0.361 18.855 1.370 2.588 2.624
Kohleiche/2 84.149 7.803 0.041 18.230 2.166 2.649
Kohleiche/3 18.431 3.323 0.004 4.317 2.342 2.448
Steinberg/1 1.108 0.094 2.286 0.288 2.602 2.609
Steinberg/2 18.671 2.750 0.004 5.290 2.833 2.991
Till/1 7.988 0.677 2.766 2.105 2.636 2.692
Till/2 32.637 5.720 0.004 7.714 2.364 2.561
Till/3 5.472 0.347 10.585 1.387 2.535 2.571
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A.2. Digital Data – CD
The enclosed CD includes a digital copy of the document and selected data from
geochemical measurements that has been generated during this study.
Dataformat:
• *.pdf – portable document format
• *.xlsx – compatible with Microsoft Oﬃce Excel
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